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Abstract
Gas generation in transformer oil is induced by electrical and thermal faults
resulting from unfavorable operating conditions in transformers. Alongwith
aged conditions of transformers, operating factors such as high temperature,
strong electrical fields, electrical discharges, mechanical stresses, insulation
damage and contaminants pose imminent risks of malfunctioning and ir-
reversible damage to the transformers. Transformer monitoring methods
based on dissolved gas analysis (DGA) have gained great significance and
attention in order to ensure timely and accurate diagnostics of the electrical
and thermal faults occurring in the transformers. Gases that act as fault indi-
cators are hydrogen, methane, ethane, ethylene, acetylene, carbon monoxide
and dioxide.
The dissolved gas analysis (DGA) has been widely acknowledged as an ef-
fective and rather simple method for fault diagnostic of transformers. How-
ever the diagnostic of the faults by DGA directly depends on the knowledge
about gas generation patterns produced by various types of faults. More-
over, the reliability of the diagnostic depends considerably on the technics of
gas-in-oil extraction and analysis as well as the procedures for oil sampling
and storage.
The undertaken experimental investigations were aimed at understanding
the process of gas generation due to electrical or thermal faults in transform-
ers and assessing the commercially available gas-in-oil measurement tech-
nics in order to enhance the application of the dissolved gas analysis (DGA)
method. For that purpose experiments were carried out by simulating elec-
trical and thermal faults in laboratory setups equipped with DGA monitor-
ing technics that allowed verification of gas genetaion pattern due to specific
type of faults. Additionally, the effects of oil sampling and gas-in-oil mea-
surement technics as well as the diffusion flux of fault gases-in-oil on the
results of DGA were also investigated.
During these investigations four techniques for extraction of dissolved gases
were evaluated. Results of gas-in-oil analysis revealed that an automated
DGA monitoring system consisting of a vacuum extraction device and gas
chromatography provides the most efficient extraction and precise concen-
trations of gases. It was observed that air bubbles entering the oil due to
xv
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improper sampling and storage significantly decrease the hydrogen concen-
tration. Exposure of oil samples to light and higher temperatures leads to
generation of hydrogen due to faster oxidation rates. It was demonstrated
that storage of oil samples in air-tight container, in darkness and constant am-
bient conditions can provide reliable gas-in-oil measurements for a storage
period up to 16 days. The effect of ’stray gassing’ in oils, which is character-
ized by generation of hydrogen in high concentration, was also documented
during the investigations. These observations point to the potential sources
of errors in DGA.
An extensive part of this research work was focused on constructing experi-
mental setups to produce thermal and electrical faults as in the power trans-
formers. The construction of a small scale setup (30 kV and 12 liter oil tank)
and a large scale setup (100 kV and 600 liter oil tank) including oil tanks, oil
circulation system, high voltage system, and control panel was accomplished
with necessary details. The experimental setups allowed the simulation of
electrical and thermal faults in transformers, under controlled parameters
such as current, voltage, temperature and oil conditions.
The small scale setup was used for simulating the partial discharges (PD)
fault and hotspots (HS) faults of different temperatures in transformer oil.
The setup allowed the investigations of the fault gas generation process by
means of various commercially available DGA monitoring techniques.
The large scale experimental setup, which includes oil tank, conservator tank
as well as oil circulation and reconditioning system, provided an enhanced
model of an air-breathing power transformer. It was also equipped with an
automated system to control valves and pumping rates of oil circulation and
reconditioning system, as it occurs in a power transformer for cooling pur-
pose. The large scale setup was employed for simulating intense arcing dis-
charge (AD) faults at high voltage levels.
The gas concentrations obtained for the three types of faults (PD, HS andAD)
were interpreted using the fault interpretation scheme CIGRE TF 15.01.01
(CIGRE scheme), which is one of the latest DGA interpretation schemes. The
interpretations suggest that the CIGRE scheme provides inconsistent diag-
nostic of PD and HS faults, otherwise it seemed to be consistent in diagnos-
ing AD faults. Based on the overall results it was concluded that the CIGRE
scheme should be applied cautiously and additional factors must be consid-
ered for a reliable diagnostic. The graphical DGA interpretation method, so
called gas generation pattern method, resulted to be sufficiently reliable at
the diagnostics of PD, HS as well as AD faults. This method exhibits great
potential to be utilized for fault diagnostics as a separate method or in com-
xvi
Abstract
bination with the CIGRE scheme.
The large scale setupwas also used for investigating the continuous diffusion
of fault gases from oil into the atmosphere via the air-breathing conservator
tank. The investigations confirmed that the diffusion process has a strong
influence on the diagnostics of faults using DGA. The diffusion of gases leads
to an underestimation gas-in-oil concentrations and consequently incorrect
fault diagnostics. The diffusion flux of gases tends to increase at higher oil
circulation rates, especially for highly volatile fault gases, such as hydrogen.
xvii
Kurzfassung
Die Gasentstehung in Transformatoro¨len wird durch elektrische und ther-
mische Fehler verursacht, welche zu ungu¨nstigen Betriebsbedingungen in
Transformatoren fu¨hren. Mit demAlterungsprozess des Transformators geh-
en ungu¨nstige Betriebsfaktoren wie erho¨hte Temperaturen, starke elektrische
Felder, elektrische Entladungen, mechanischer Stress und Scha¨den der Iso-
lation einher, welche zur Versta¨rkung jener fehlerhaften Betriebsbedingun-
gen und dementsprechend zu sta¨rkerer Gasentstehung fu¨hren und somit das
akute Risiko fu¨r irreversible Scha¨den oder eine Explosion erho¨hen. u¨berwach-
ungs- und Diagnosemethoden, die auf der Dissolved Gas Analysis (DGA)
basieren, haben aufgrund ihres Einsatzpotentials zur kontinuierlichen und
zuverla¨ssigen Erkennung von Transformatorenfehlern, große Bedeutung und
Aufmerksamkeit gewonnen. Einige der im Transformatoro¨l gelo¨sten Gase
ko¨nnen als Wasserstoff, Methan, Ethan, Ethylene, Acetylen, Kohlenmonoxid
und Kohlendioxid identifiziert werden.
Die Dissolved Gas Analsysis (DGA) ist als effektive und einfache Methode
zur Fehlerdiagnose in Transformatoren anerkannt. Allerdings beruht die
Fehlerdiagnose der DGA auf dem Wissen u¨ber die Zuordung der einzelnen
Gasmuster zu den verschiedenen Fehlern in Transformatoren. Daru¨ber hin-
aus ha¨ngt die Zuverla¨ssigkeit der Fehlerdiagnose betra¨chtlich von der Tech-
nik der Gas-in-O¨l Extraktion und Analyse, sowie der Probenentnahme und
Probenlagerung ab. Die durchgefu¨hrten experimentellen Untersuchungen
hatten das Ziel zu verstehen, wie die elektrischen und thermischen Fehler die
Gasentstehung verursachen und die herko¨mmlichen Gas-in-O¨l Messungen
einzuscha¨tzen, um die Anwendungen der DGA zu verbessern. Zu diesem
Zweck wurden Experimente durchgefu¨hrt, in denen elektrische und ther-
mische Fehler in Transformatoren simuliert worden sind. Dabei waren die
Versuchsaufbautenmit verschiedenenDGA-u¨berwachungstechniken ausges-
tattet, so dass die Gasmuster kontinuierlich verifiziert werden konnten. Zu-
dem wurde untersucht welchen Effekt die Probenentnahme und die Art der
Durchfu¨hrung der Gas-in-O¨l Messung sowie der Diffusionsfluss der entste-
henden Gase auf die DGA-Ergebnisse hatten.
Wa¨hrend dieser Untersuchungen wurden vier Techniken fu¨r die Extraktion
von gelo¨sten Gasen getestet. Die Ergebnisse der Gas-in-O¨l Analyse zeigten,
dass eine automatische DGA-u¨berwachungstechnik, die aus einer Vakuumex-
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traktionsanlage und einem Gaschromatograph besteht, die effizienteste Ex-
traktion und die genaustenGaskonzentrationen erbringt. DesWeiterenwurde
beobachtet, dass eine falsche Probenentnahme und Lagerung dazu fu¨hrt,
dass Luftblasen in die Probe diffundieren, welche die Wasserstoffkonzen-
tration im O¨l verminderten. Werden die O¨lproben Licht und hohen Temper-
aturen ausgesetzt, so wird aufgrund eines schnelleren Oxidationsprozesses
mehr Wasserstoff im O¨l erzeugt. Es konnte bewiesen werden, dass bei Lage-
rung der Probe in luftdichten Beha¨ltern wie Glasspritzen, in Dunkelheit und
bei konstanten a¨ußeren Bedingungen bis zu 16 Tagen zuverla¨ssige Gas-in-
O¨l Erg- ebnisse geliefert werden. Der Effekt des Stray Gassing in O¨l, welcher
mittels der ho¨herenWasserstoffkonzentration charakterisiert wurde, ist wa¨h-
rend der Untersuchungen ebenfalls dokumentiert worden. Diese Fakten dec-
kten potentielle Fehlerquellen in der DGA Anwendung auf.
Ein großer Teil dieser Arbeit befasste sich mit dem Aufbau von experimente-
llen Versuchsanordnungen, um thermische und elektrische Fehler wie Teilent-
ladungen, Durchschla¨ge undHotspots zu simulieren. Dafu¨r wurde ein kleiner
maßstabgerechter Versuchsaufbau (30 kV und 12 Liter O¨l) und ein großer
maßstabsgerechter Versuchsaufbau (100 kV und 600 Liter O¨l) konstruiert.
Diese beinhalteten einen O¨ltank sowie ein Ausdehnungsgefa¨ß, einen O¨lkreis-
lauf, Hochspannung und ein Steuerungssystem, die einem Leistungstrans-
formator nachempfunden waren. Mittels dieser Versuchsaufbauten war es
mo¨glich, unter kontrollierten Parametern wie Stromsta¨rke, Spannung, Tem-
peratur und O¨lbedingungen, die elektrischen und thermischen Fehler im O¨l
zu erzeugen.
Der kleine Versuchsaufbau wurde zum Einsatz des Teilentladungsfehlers,
sowie desHotspotfehlers von verschiedenen Temperaturen angewendet. Die-
ser Aufbau ermo¨glichte die Untersuchung von gelo¨sten Gasen mit markver-
fu¨gbaren DGA-u¨berwachungstechniken.
Der große Versuchsaufbau, welcher O¨ltank, Ausdehnungsgefa¨ß sowie einen
O¨lkreislauf enthielt, stellte ein verbessertes Model des atmenden Transfor-
mators dar. Zudem war dieser mit einem automatischen System zur Kon-
trolle der Ventile und der Pumpgeschwindigkeit des O¨lreislauf ausgestattet,
so wie es in dem Leistungstransformator zur Ku¨hlung vorkommt. Dieser
große Versuchsaufbau wurde zur Simulation von elektrischen Durchschla-
gentladungen bei ho¨heren Spannungspegeln angewendet.
Die entstandenenGaskonzentrationen fu¨r die verschiedenen Fehlertypen (Tei-
lentladung, Durschlag und Hotspot) wurden mittels eines der aktuellsten
DGA-Interpretationsschemas CIGRE TF 15.01.01 ausgewertet. Die Fehler-
interpretation der Gaskonzentrationen deutet darauf hin, dass das CIGRE
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Schema unbesta¨ndige Diagnostik fu¨r Teilentladungen und Hotspot lieferte.
Anderseits schien es, dass das CIGRE Schema zuverla¨ssig in der Diagnostik
von elektrischem Durschlag ist. Basiert auf diesen Ergebnissen wurde fest-
gestellt, dass dieses DGA-Interpretationsschema mit Bedacht angewendet
werden sollte und zusa¨tzliche Methoden fu¨r eine zuverla¨ssige Fehlerdiag-
nostik mit einbezogen werden sollten. Des Weiteren stellte sich heraus, dass
die graphische DGA-Interpretation, die sogenannte Gasentstehungsmuster
Methode, zur zuverla¨ssigen Diagnostik von Teilentladungen, elektrischem
Durschlag sowie Hotspot, geeignet ist. Diese Methode zeigte großes Poten-
tial als separate DGA-Interpretationsmethode oder zusammen mit dem CI-
GRE Schema, zur Fehlerdiagnostik angewendet zu werden.
Mittels des großen Versuchsaufbau war es mo¨glich die kontinuierliche Gas-
diffusionsrate von O¨l in die Luft u¨ber das atmende Ausdehnungsgefa¨ss zu
untersuchen. Die Untersuchungen besta¨tigten, dass der Diffusionsprozess
einen starken Einfluss auf die DGA-Fehlerinterpretation hat. Die kontinuier-
liche Gasdiffusion fu¨hrt zu einer Unterscha¨tzung der Fehler Gaskonzentra-
tionen und damit zu falsche Fehlerdiagnose. Der Diffusionsfluss neigt dazu,
mit schneller O¨lzirkulationsraten zu erho¨hen, speziell fu¨r hochflu¨chtigen Fehl-
ergase, wie Wasserstoff.
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1 Background and Objectives of
the Research
1.1 Description of the problem
Power technology has been passing through great challenges in the attempt
to cope with the ever-growing world energy demand. Nonetheless, the tech-
nology of oil-filled transformers has remained almost unchanged for about
a century. At present there is a large fleet of transformers exposed to differ-
ent cumulative stresses which eventually are approaching the end of their
expected lifespan. Consequently, many of these transformers would need to
be replaced or repaired to safeguard power supply. However many power
agencies are shifting their attention to monitoring and diagnostic methods,
that can provide a reliable assessment of the transformer condition. In that
trend, onlinemonitoring techniques based on the dissolved gas analysis (DGA)
have gained great importance as a continuous and non-invasive method, but
still there are cost and technical limitations of these monitoring techniques,
regarding their accuracy at diagnosing faults in transformers.
The actual average age of transformer fleets in developed countries have sur-
passed 30 years, which was the limiting life-span designed for these trans-
formers in order to operate safely and reliably [TD-World, 2007]. Moreover
the deregulation of the energy market has forced power agencies to avoide
investments on new transformers and to utilize their currently installed elec-
trical components at their full capacity, over longer distances and periods
in order to minimize service costs. Thus, an increased concern about the
current condition assessment of transformers has arisen implementation of
maintenance strategies and condition monitoring techniques. An effective
detection of the faulty conditions in transformers through condition strate-
gies can prolong their technical lifespan and prevent costly breakdowns [Ny-
nas Naphthenics, 2004].
The transformers operating under the present power loads are highly prone
to develop the type of faults that can lead to high outage costs as well as fire
or explosions. Unfavorable operating conditions due to high temperature,
strong electrical fields, electrical discharges, mechanical stresses, insulation
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damage and contaminants can expose a transformer, regardless of its age, to
imminent and irreversible damage.
Need for assessment of oil condition
Until the date, the combination of transformer oil and cellulose paper has
remained the most effective insulating system due to their excellent dielec-
tric strength and relatively low cost. However, the transformer oil undergoes
the oxidation process due to free radical reactions between unstable hydro-
carbon molecules and oxygen. This reactions are catalyzed in presence of
copper and iron in transformer, and further accelerated due to the heat dis-
sipated from windings and the core. The oxidation of the oil leads to loss of
its dielectric strength and generate wide range of solid, liquid and gaseous
compounds. These compounds can further trigger the development of faults
in the transformer.
Under normal operating conditions of a transformer, the oil is subjected to
a continuous oxidation process at slow rate. However, the oxidation pro-
cess can abruptly accelerate due to higher-than-usual amount of energy dis-
sipated by an electrical or a thermal fault in the transformer, leading to a
sudden increase in the concentrations of certain hydrocarbon gases and other
compounds. Thus, the condition of the transformer oil, which include con-
centrations of dissolved gases, presence of sludge particles, color etc. pro-
vides useful information about the technical state of the transformer and its
malfunctioning.
Dissolved gas analysis of oil (DGA)
Transformer oil serves as a carrier of the information from which possible
abnormal operating conditions in a transformer can be detected. This is
achieved by carrying out dissolved gas analysis (DGA). The dissolved gas
analysis is a well acknowledged technique useful for the detection of incip-
ient faults in transformers [Nynas Naphthenics, 2004]. The DGA consists of
sampling of oil from a service transformer under consideration, extraction
of the gases dissolved in the oil sample and quantitative analysis of concen-
trations of characteristic fault gases by means of analytical techniques. The
characteristic fault indicator gases are hydrogen, methane, ethane, ethylene,
acetylene, carbon dioxide and carbonmonoxide. The DGA can be carried out
as a routine test in laboratory, or continuously by using online DGA moni-
toring .
The essential part of DGA lays on the gas-in-oil analysis and interpretations
for a reliable fault diagnostic. Though the mechanisms of gas generation are
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very complex and not yet fully understood, the patterns of gas generation
corresponding to the types of faults are established on the basis of practi-
cal experiences [Sanghi, 2003]. The patterns of gas generation are usually
represented in terms of thresholds of gas concentrations or key gas ratios
pertaining to the types faults. Thus, the comparison of the concentration of
the characteristics gases in the oil sample with the established thresholds and
key gas ratios may help to detect whether a certain type of fault has occurred
in the transformer, or any incipient fault is developing, or the transformer is
working under normal condition.
Factors affecting the dissolved gas analysis
Over the last three decades, a great deal of research has been carried out
to improve the DGA and its interpretation schemes. However, the relia-
bility of the DGA methods is limited due to several factors related to: lack
of knowledge about diffusion process of gases, the sampling of service oil,
stray gassing behavior, techniques of dissolved gas extraction, techniques of
gas measurement and the lack of sufficient knowledge about patterns of gas
generation due to various types of faults.
Due to free interface between transformer oil and the surrounding atmo-
sphere, located in the conservator of an air-breathing transformer, there is
a continuous diffusion of fault gases from oil into the air. Depending on the
interval of sampling, this process may have certain impact on DGA result.
However, due to lack sufficient knowledge none of the present DGA meth-
ods address the impact of the diffusion process.
Though recommendations given by the international standard IEC 60567
about the proper conduction of oil sampling and analysis of dissolved gases,
in the practice these instructions are often neglected due to lack of aware-
ness about the influence of the sampling related factors, such as air-trapping,
light, temperature etc., on the quality of DGA results. Moreover, the effect of
stray gassing (an abnormal gassing behaviour of certain types of oils under
normal operating temperatures) on DGA is usually not considered during
the dissolved gas analysis.
There are several commercially available techniques for extraction of dis-
solved gases and their measurements. The commonly used techniques for
DGA include vacuum gas extraction and gas chromatography. The efficiency
of the gas extraction and precision of gas measurements have direct impact
on the DGA results. The erroneous DGA results can lead to false interpreta-
tions of a fault in a transformer.
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Several methods such as CIGRE interpretation scheme, key gas analysis, IEC
ratio etc. have been proposed to interpret the DGA results to identify the
types of faults and the condition of a transformer. However, the interpreta-
tions based on these schemes are often inconsistent and highly dependent
on the additional information such as the history of transformer operation,
experience of the interpreter etc. The experience gained by using these meth-
ods indicates that these methods are characterized by certain limitations, e.g.
none of the methods is able to recognize slowly developing low energy faults
or simultaneously occurring faults. Moreover, the presently used interpreta-
tion schemes do not provide any information regarding the intensity of the
faults [Sun et al., 2012].
1.2 Research objectives
This research project is aimed at evaluating the factors affecting the dissolved
gas analysis (DGA) through experimental investigations of the fault gas gen-
eration. Laboratory scaled models of the transformer oil tank including oil
circulation piping system and high voltage system, which were used to sim-
ulate electrical and thermal fault, form the basis of the investigations. This
research was further aided by the availability of more than one commercially
available DGA techniques.
The specific objectives of this research project were defined as:
 Evaluation of factors affecting the gas-in-oil analysis, including gas ex-
traction techniques, oil sampling and sample storage practices.
 Conduction of faults such as partial discharge (PD), arcing discharge
(AD) and hotspot (HS) of various intensities by means of experimental
setups designed to resemble fault conditions as in power transformers.
 Assessment of the fault gas generation triggered by electrical and ther-
mal faults using DGA techniques that aimed at verifying the gassing
behavior of oil under each fault type.
 Comparative analysis of different DGA interpretation schemes aimed
at evaluating uncertainties involved in the application of fault interpre-
tation schemes.
 Investigation of the diffusion process of fault gases from oil into the
atmosphere through the open conservator tank, and the effect of circu-
lation rate on the diffusion process.
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The electrical power has been essential for the development of the modern
society. The reliable supply of electricity has become not only essential for in-
dustrial, commercial and residential sectors but also a duty of governments.
In the alternating current (AC) electrical supply systems transformer is an
indispensable component. In a normal power generation plant electricity
is generated at about 11000-15000 volts (11-15 kV). In distribution network
it is passed to the first transformers to step up the voltage to the transmis-
sion level at approximately 220 to 500 kV. At the end of transmission route
the voltage is stepped down to a sub-transmission level at about 33 kV to
132 kV. Then it is sent to distribution utility substations where the voltage is
reduced to approximately 11 kV to 22 kV. Finally, the electric power with re-
duced voltage is sent to local transformers where it is further stepped down
to the consumer voltage level of 415 V to 240 V [Harlow, 2004]. Several trans-
formers are placed between power plant and consumers, which perform the
important role of transforming the generated power to higher and/or lower
voltage levels according the requirements.
Generally high voltages up to 750 kV are achieved in power distribution net-
works using power transformers, with the primary objective to reduce trans-
mission losses by means of reducing the current required to be carried for the
transmission of a given electrical power. This is achieved by means of power
transformers of different voltage ranges incorporated within the power dis-
tribution system. Currently, transformer units of 1500 kV voltage rating are
implemented on experimental basis [Harlow, 2004].
2.1 Power transformers
Since its first patent the transformer has been re-engineered to improved
its functioning, consequently transformers have become more powerful and
smaller over the years. The invention of oil-cooled transformers using oil and
cellulose paper as insulating system opened the possibility to handle higher
loads and voltage levels [Verma, 2005]. In spite of many technological ad-
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vances in the design of transformers, the key materials used in transformers
(copper, steel, oil and cellulose paper) are still the same. However, they are
now improved and adapted for performance at much higher loads [Krawiec,
2009].
A transformer is basically a static electrical device that permits the transfer
of alternating current (AC) or voltage between two electric circuits, based
on the principles of electromagnetism and electromagnetic induction. The
principle of electromagnetism states that an electric current passing through
windings generates a magnetic field in the core. The principle of electromag-
netic induction states that a variation of current in the primary winding will
cause a change in the magnetic field which will induce a voltage through the
secondary winding [Sadiku, 2006].
Basic technical concept
The core of a transformer is represented in figure 2.1. A simplified concept
of a transformer consists of two electrically insulated windings: primary and
secondary windings, supported by an iron core. The windings are insulated
from each other as well as from the core. The number of turns determines
whether the transformer can be used for stepping-up or stepping-down of
the voltage. In a step-up transformer the secondarywinding has higher num-
ber of turns as compared to the primary winding, and in a step-down trans-
former the secondary winding has less number of turns as compared to the
primary winding.
The voltage induced in the secondary winding follows the Faraday’s law of
induction, which states, ”the electromotive force in any circuit is directly pro-
portional to the time rate of change of magnetic flux through the circuit” [Sadiku,
2006].
Vs = Ns
d
dt
(2.1)
where,
Vs instantaneous secondary voltage
Ns number of turns of the secondary winding
 the magnetic flux through one turn of winding
Moreover, the cross section area ’A’ is constant and themagnetic field changes
with the time depending on the excitation of the primary winding. The
same magnetic flux  passes through the primary and secondary windings
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Figure 2.1: Core of a step-down transformer
[Sadiku, 2006], therefore the instantaneous voltage on the primary winding
is given as:
Vp = Np
d
dt
(2.2)
where,
Vp instantaneous primary voltage
Np number of turns of the primary winding
Then the voltage in secondary winding of a stepping up and stepping down
transfromer can be calculated as following [Harlow, 2004]:
Vs
Vp
=
Ns
Np
(2.3)
where,
Vs instantaneous secondary voltage
Ns number of turns of the secondary winding
In an ideal transformer the electrical power is completely transmitted from
the primary to the secondary winding and therefore the incoming electrical
power equals the outgoing electrical power, as shown in figure 2.2.
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Figure 2.2: Equivalent circuit of an ideal transformer
Transformers can function as very efficient machines, but in the practice there
are considerable amounts of energy losses. Modern power transformers have
been designed to exceed 95 % efficiency, yet most of the power loss occure
due to electrical resistance of the iron core and the windings (eddy-current
losses). The lost energy dissipates in the form of heat. [Heathcote, 1998]. The
equation 2.4 represents a transformer that functions at a real time efficiency
[Heathcote, 1998].
Vs
Vp
=
Ns
Np
=
Ip
Is
(2.4)
where,
Ip primary current
Is secondary current
Main parts of a transformer
A simplified schematic representation of a high voltage power transformer
and its major technical components can be seen in the figure 2.3. A brief de-
scription of the components is shown in the following section.
 Oil tank and its cooling system: The oil tank is the outer part of a trans-
former, in which the core, windings and transformer oil are contained.
Cooling collars are attached to the outer surface of the tank to achieve
heat dissipation. For small transformers cooling is carried out through
air circulation and heat radiation, however large transformers require
adequate cooling system coolant substance. This is usually achieved
8
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Figure 2.3: Schematic representation of a high voltage power transformer
by circulating transformer oil through the windings and and coolers
[Heathcote, 1998].
 The core: It provides the main flux path for a magnetic field between
primary and secondary windings. Generally the cores are constructed
as hollow-core or shell-core of laminated steel layers insulated using
varnish [Ku¨chler, 2005].
 Windings: These are coils of high conductivity copper or aluminum
wrapped around the limbs of a core. The primary winding is connected
to input network and the secondary winding is connected to output
network. For the power transformers operating at high voltages, lay-
ers of winding are insulated using oil-impregnated paper and blocks of
pressboard [CEGB, 1982].
 Tap changer: Tap changers are external connections to the intermediate
points along the primary and secondary windings, which allow the se-
lection of a voltage ratio.
 Bushing: High voltage cables connecting a transformer to a network, are
passed through bushing to insulate the cables from themain body of the
transformer [Heathcote, 1998].
 The conservator tank: This tank is located on the top of the main tank
and it is used to contain surge of transformer oil caused by thermal
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expansion. The tank has a breather, which is a glass vessel filled with
silica gel to protect the oil from moisture and to allow the gases in oil to
diffuse in to the atmosphere. Due to this system transformer behaves as
an open-breathing system that allows gas exchange between the main
tank and the surrounding environment [Nynas Naphthenics, 2004].
 The Buchholz relay: Also known as a gas relay, is a safety device installed
on the pipe connecting the main tank and the conservator. Under nor-
mal conditions the relay is completely filled with oil and it activates
when the floats switch is displaced by certain accumulation of gas. This
relay can switch off the transformer when a strong surge of oil flows
to the conservator, or when the oil level falls down to dangerous levels
[Nynas Napthenics, 2004].
 Insulation materials: It consists of cellulose paper wrappings around the
windings and the transformer oil filling up the main tank. The general
purpose of these materials is to insulate the different components of
the transformer and to dissipate the heat produced due to thermal and
electrical stresses.
2.2 Incipient faults in transformers
Incipient faults in transformers originate from a permanent and irreversible
change in the transformer conditions. The incipient faults are very common
in transformers and occur intermittently, causing accelerated aging and de-
terioration of the insulation system. Incipient faults can serve as warning
of faulty conditions in transformer, however failure to notice the faults can
lead to permanent failure of the transformer. Table 2.1 summarizes common
incipient faults and failure modes occurring in power transformers.
Table 2.1:Most common modes of functional failures
System or component Incipient fault Failure Mode
Dielectric system: Arcing discharge, Moisture, particles,
insulation materials Partial discharges contamination, aged
insulation materials
Electromagnetic Localized hotspot, short-circuited
circuit: Core, General overheating, turn in winding
windings Arcing or conductor,
sparking discharges circulating current
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Partial discharge fault
A partial discharge is a highly localized electrical discharge of low intensity
that occurs between two conductors placed apart [Danikas, 1993]. Partial
discharges appear as short pulses that are often accompanied by emission of
sound, light, heat and chemical reactions. The sources of partial discharges
include voids and cracks in solid insulation, floating components such as wa-
ter drops and air bubbles, and corona caused due to sharp edges of solid in-
sulation, windings or tank. After initializing, a partial discharge can carry on
with increasing intensity until terminating as an arc discharge. Usually this
kind of fault is characterized by the generation of hydrogen and methane.
Arcing discharge faults
Sometimes a very high voltages can cause formation of plasma in oil through
which electric current can flow freely as an arcing discharge [Arvidsson,
2005]. Arcing discharges generate very high temperatures (above 5000 C)
and large amount of gases, mainly acetylene and hydrogen. This type of
faults are very dangerous and if not controlled, can cause excessive pressure
in the transformer tank, causing even explosion.
Thermal faults (Hotspots)
Thermal faults arise as a consequence of overheating of conductors, short
circuits, overheating of windings due to eddy currents, loose connections
and insufficient cooling. Thermal faults can be classified as low temperature
fault for temperature up to 150 C, medium to high fault for temperature be-
tween 300 C and 700 C, and high temperature fault for temperature above
1000 C. Localized thermal faults are known as hotspots. Temperature of a
hotspot on metal surface can reach up to 1500 C causing local heating of sur-
rounding oil, leading to the generation hydrocarbon gases, mainly ethylene
and methane.
The generation of fault gases is strongly dependent on the temperature, fig-
ure 2.4 represents the evolution of gases depending on the temperature. Con-
sequently, hydrogen and methane are produced at around 150 C, ethane
at approximately 250 C, then ethylene at approximately 350 C and finally
acetylene above 700 C [Singh at al., 2010].
Characteristic gas generation due to faults
Depending on the type of fault specific patterns of gases (the gas compounds
and their ranks in terms of concentrations) are generated in oil. The amount
11
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Figure 2.4: Temperature dependent evolution of gases in oil [Singh et al.,2010]
of gases generated in a specific pattern depends on the factors such as inten-
sity and duration of the fault. Table 2.2 summarizes the typical gas concen-
trations for threshold and warning levels, which are based on the analysis of
statistical data collected from service transformers filled with naphtenic oil
[Arvidsson, 2001].
2.3 Dissolved gas analysis of transformer oils
The mineral oils are used in electrical equipments since 1891, mainly due to
their ability to withstand electrical stresses [Heathcote, 1998]. The mineral
oil properties such as, resistance to oxidation, aging stability, efficient heat
transferability and high insulation capacity make them extremely useful as
an insulation material in power transformers. Mineral oil acts as a vital fluid
for transformers, it provides the dielectric medium to withstand high volt-
age, dissipate the heat generated in the core and windings, and impregnate
the solid insulation. Besides, it functions as an information carrier that allow
12
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Table 2.2: Characteristic gas formation
Case Characteristic gas Threshold Warning
(ppm) (ppm)
Normal ageing H2 Hydrogen 20 200
CH4 Methane 10 50
CO Carbon monoxide 300 1000
CO2 Carbon dioxide 500 20000
Oil overheating CH4 Methane 10 50
C2H6 Ethane 10 50
C2H4 Ethylene 20 200
Partial discharges H2 Hydrogen 20 200
Breakdown discharges C2H2 Acetylene 1 3
Decomposition of CO Carbon monoxide 300 1000
cellulose CO2 Carbon dioxide 500 20000
to identify the internal condition of a transformer and required maintenance
actions.
Transformer oil is a product obtained by distillation of crude oil at approxi-
mately 350 C under atmospheric pressure. The crude oil is a complex mix-
ture of hydrocarbon molecules and small amounts of sulphur and nitrogen
compounds. The crude oils can be classified as heavy or light according to
their main distillation residue, such as paraffinic, asphaltic or naphthenic
residue [Heathcote, 1998]. The crude oil with naphthenic residue has been
mainly preferred for manufacturing transformer oils.
The techniques of refining crude oil have a great impact on the required
dielectric properties, oxidation stability and gas absorbing properties of a
transformer oil (figure 2.5). Refining of crude oil consists of a several phys-
ical and chemical treatments that remove unstable aromatics, harmful polar
molecules and ions.
Crude oil is firstly distilled at atmospheric pressure to remove components
with low boiling points. Then the distillate is further refined under vacuum
in order to generate fractioned distillates with different boiling points. Af-
ter vacuum distillation, extraction techniques are applied to remove polar
molecules, such as aromatics and polyaromaticmolecules, as well asmolecules
containing sulfur, nitrogen and oxygen.
Since 1990 hydrogenation has been applied as a more efficient and environ-
mental friendly extraction technique. Hydrogenation process converts po-
lar compounds, aromatic and heteroatomic molecules into desired saturated
13
2 Power Transformers and Dissolved Gas Analysis of Oils
Figure 2.5: Effect of refining process on properties of oil [Heathcote, 1998]
ring and chain molecules through a controlled catalytic reaction using hy-
drogen under high pressure and temperature. The level of hydrogenation
has significant impact on dielectric properties and thermal oxidation stabil-
ity of the oil. Therefore, antioxidants or inhibitors are added to highly hydro-
genated oils to enhance their resistance to thermal oxidation [Gradnik, 2007].
The transformer oil containing inhibitors is designated as inhibited oil. The
inhibitors aim at retarding the oxidation mechanisms by means of stopping
free radicals or peroxides, or by terminating chain reactions of peroxides.
These compounds are included in the group of phenols, amines, amino-
phenols and sulfur. Thus, a transformer with inhibited oil can be operated
at higher temperatures. Inhibited transformer oils are commonly used for
air-breathing transformers in most of the Europe and America.
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Lightly hydrogenated oils present certain amount of polar compounds con-
taining sulfur, nitrogen and oxygen as natural antioxidants that provide suf-
ficient oxidation stability. These type of oils are known as uninhibited oils
[Gradnik, 2007].
Among the other additives in transformer oil are metal deactivators and pas-
sivators. Metal deactivators perform their function by decreasing the cata-
lyst effect of metals. The passivators which are acid compounds that bind to
metal surfaces by mean of the acid groups, forming a protective molecular
layer that avoid the catalytic effect of metals in contact with the oil [Arvids-
son, 2001].
Chemical composition
The basic chemical composition of transformer oils includes a mixture of dif-
ferent hydrocarbons structures, such as paraffinic, naphthenics, and aromat-
ics (figure 2.6). The content of these hydrocarbons varies according to source
of the crude oil and the refining process. Depending on the content of paraf-
finic structures (Cp), the oils can be classified as naphthenic (Cp < 50), inter-
mediate (50% < Cp < 56%), and paraffinic (Cp > 56%) [Nynas Naphthenics,
2004]. This classification is aimed at providing a guideline for the application
of oil.
Figure 2.6: Basic structures of hydrocarbons in transformer oil [Nynas Naphthenics,
2004]
Paraffinic transformer oil offers low solvency for oxidation products and
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moisture. They exhibit low thermal stability, when they are cooled below
their pour point. Paraffin structures consist of saturated hydrocarbons form-
ing straight type chains (N-alkanes) or branched type chains (isoparaffins).
On the other hand, transformer oil with higher content of naphthenicmolecules
exhibit excellent properties at low temperature and high solvency for oxida-
tion products and moisture. This type of oils are commonly preferred for
application in transformers.
Naphthenic structures are known as cycloalkane compounds, which are sat-
urated hydrocarbons made of one or more rings with 5 to 7 carbons attached
with straight or branched type chains. In the case of aromatic structures,
they are usually formed by one or several aromatic rings that can be com-
bined with naphthenic and paraffinic structures. The aromatic molecules are
commonly present in transformer oil as monoaromatic and polyaromatics
(PACs), they provide excellent dielectric properties, good oxidation inhibi-
tion and high gas absorption [Nynas Naphtenics, 2004].
Additionally, transformer oil contains small percentage of aromatic struc-
tures bonded with elements such as nitrogen, sulfur and oxygen. Nitrogen
compounds behave as inhibitors, passivators of copper and charge carriers.
The nitrogen compounds in oil can be pyridines, quinones, carbanzoles and
pyrolles. Sulfur content in oil varies with the properties of the crude oil and
the refining process. Sulfur compounds exist in different forms, mainly as
thiophens, carbazoles and sulphides. These compounds can act as oxidation
inhibitors but also as an active initiator of copper corrosion.
The content of oxygen bonded to hydrocarbon in unused transformer oil is
relatively small, but after oxidation it increases due to the production of cer-
tain acids, ketones, phenols, water and other oxygen containing molecules.
Because of the strong polarity of these molecules they can influence the elec-
trical field resulting in field losses. Additionally they can increase the rate of
deterioration of paper insulation [Nynas Naphtenics, 2004].
Identification of oil components has a significant importance, yet a definitive
standard chemical composition of oil has been impossible to establish. Figure
2.7 shows a hypothetical molecule of naphthenic transformer oil. A general
chemical composition of the commercially available naphtenic transformer
oils can be seen in table 2.3.
Properties of transformer oil
Transformer oils are manufactured to fulfill certain specifications to ensure
efficient and reliable performance of a power transformer over longer ser-
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Figure 2.7: Typical oil molecule [Nynas Naphthenics, 2004]
Table 2.3: Chemical composition of a common transformer oil [Nynas Naphtenics,
2004]
Type Amount
N-alkanes [wt %] 0.1- 2
CP [ %] 42 - 70
CN [ %] 28 - 50
CA [ %] 2 - 18
PAC [ %] 0.02- 2.5
Sulphur [ %] 0.01 - 1.0
Nitrogen [ppm] 1 - 300
Acid number [mg KOH/g] 0.01 - 0.03
vice span. These specifications are defined on the basis of the required phys-
ical, dielectric and chemical properties of the oil. Generally, a transformer oil
should have following properties:
 high dielectric strength to withstand high voltage,
 low viscosity and low pour point for adequate heat exchange and flow
circulation during operation at low temperature,
 high flash point to avoid risks of oil vaporization and thus risks of fire
or explosions,
 sufficient resistance against oxidation and gassing under thermal and
electrical stresses,
 ability to absorb gases and prevent formation of gas bubbles.
Oil with good oxidation stability can restrain the generation of decompo-
sition products such as inorganic acids, alkali, corrosive sulfur, and sludge
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under normal and faulty operations, which in consequence can protect the
dielectric property of the oil and prolong the service span of the transformer.
General permissible limits/values pertaining to the specifications of trans-
former oils are provided by ASTM, ISO and IEC (Table 2.4). However, these
values can vary depending on the particular requirements of an electric net-
work and power transformer manufacturers.
Table 2.4: Specifications for naphthenic mineral oil for transformers
Property Unit Typical values Test methods
Physical
Apperance Clear IEC 60296
Density @20 C kg/dm3 0.871 ISO 12185
Kinematic Viscosity mm2/s ISO 3104
at 40 C 9.4
at -30 C 900
Pour point (max.) C -60 ISO 3016
Flash Point (min) C 148 ISO 2719
Chemical
Acidity mg KOH/g < 0.01 IECH 62021
Corrosive sulphur non-corrosive ASTM D1275B
Sulphur content % < 0.01 ISO 14596
Aromatic content % 8 IEC 60590
Antioxidant, phenols Wt % 0.38 IEC 60666
Water content mg/kg < 20 IEC 60814
Electrical
Dielec. diss.n factor
(DDF) @ 90 C < 0.001 IEC 60247
Interfacial tension mN/m 50 ISO 6295
Breakdown voltage kV 40-70 IEC 60156
Oxidation stability
at 120 C, 500 h IEC 61125C
Total acidity mg KOH/g 0.03
Sludge Wt% < 0.02
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2.4 Oxidation of transformer oils
The oxidation of transformer oil is a complex process that involves free rad-
icals in chain reactions [Sanghi, 2003]. Free radicals are electrically charged
particles which require electrons from other molecules to achieve stabiliza-
tion. They have one ormore unpaired electrons whichmake them chemically
very active to react with other molecules. Among the other properties of free
radicals are their paramagnetism caused by unpaired electrons, electric neu-
trality, as well as their tendency to concentrate in a strong electric field. Due
to the concentration in electric fields, the free radicals form collisions which
produce more decay compounds [N’Cho et al., 2011].
In the air-breathing transformers the oxygen from atmosphere induce oxi-
dation of the unstable hydrocarbon compounds in the transformer oil under
normal operating conditions. The oxidation reactions are catalyzed by heat,
moisture, copper and aluminum and further accelerated due to mechanical
and electrical stresses [Nynas Naphthenics, 2004]. Over longer periods of op-
eration the oxidation products, such as acids, aldehydes, ketones and other
polar compounds accumulate in the transformer and promote further dete-
rioration of the oil and formation of sludge [Nynas Naphthenics, 2004].
The schematic outline in figure 2.8 presents the oxidation process of a hydro-
carbons. The oxidation process of hydrocarbons involves three basic stages:
initiation, propagation and termination. In the initiation stage oxygen reacts
spontaneously to breakdown a hydrogen molecule and form hydroperox-
ides, which again dissociate into free radicals [Sanghi, 2003]. The propaga-
tion is the rapid progression of the branched chain reactions, and the ter-
mination occurs with the formation of stable intermediate radicals and non-
reactive compounds that donate hydrogen molecules to free radicals [Lip-
shtein et al., 1970].
The oxidation mechanism
The table 2.5 presents a simplified general model of possible reactions which
occur during the oxidation of transformer oils [Nynas Naphthenics, 2004].
Reactions (1), (2) and (3) correspond to the initiation stage, in which perox-
ides and free radicals are produced under the influence of heat, high elec-
trical stress and metals. From reactions (4) the propagation and branching
takes place, resulting in the production of some stable and soluble byprod-
ucts, such as alcohols, aldehydes, carboxilic acids, ketones, ester and water
[Arvidsson, 2001]. The hydrocarbon molecules follow the reaction path and
lead to accumulation of the byproducts until the action of certain inhibitors
form termination products suppressing further oxidation.
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Figure 2.8: Oxidation process of a hydrocarbon
Table 2.5: Oxidation reactions [Nynas Naphthenics, 2004]
RH ! R +H (1) Formation of free radicals
R +O2 ! RO2 (2) Formation of peroxy-radical
RO2 +RH ! RO2H +R (3) Formation of peroxide
ROOH ! RO +OH (4) Decomposition of peroxide
R +R ! R R (5) Generation of hydrocarbon
RO +RH ! ROH +R (6) Alcohol + Radical formation
OH +RH ! H2O +R (7) Water + Radical formation
2ROH +O2 ! 2RCHO +H2O (8) Aldehyde formation
2ROH +O2 ! 2RCHO +H2O (9) Ketone formation
2RCOH +O2 ! 2RCOOH (10) Carboxylic acid formation
2RCOOH +ROH ! 2RCOOR +H2O (11) Ester formation
In the case of complete decomposition, then colloidal suspensions made of
insoluble compounds, withmolecular weights between 450 to 550 Da, lead to
the formation of waxes and dark sludge. The formation of waxes and dark
sludge can impair the heat dissipation in transformer as well as can cause
detrimental effects on the dielectric performance of the complete insulating
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system [Sabau et al. 2000].
The Arrhenius law (equation 2.5) states that at higher temperatures the re-
action rate increases due to the collisions between the molecules caused by
higher activation energy [Arvidsson, 2001]. This equation can be used to
represent the oxidation process of transformer oil undergoing a thermal de-
composition of its hydrocarbon molecules due to a fault of certain intensity.
dC
dt
= Ak  e
 E
RT (2.5)
where,
dC
dt = change in concentration with the time [mol=s]
Ak = reaction constant according to kinetics [-]
E = activation energy of the reaction [J=mol]
R = universal gas constant [8.314 J=(Kmol)]
T = absolute temperature [K]
The thermal decomposition of hydrocarbons occurs as primary and secondary
decomposition. The products of a primary decomposition are in equilibrium
with their initial hydrocarbon, furthermore the products of primary decom-
position decompose by heat as secondary decomposition products [Shirai et.
al., 1997]. The thermal decomposition of an alkane is useful to represent the
decomposition of new transformer oil due to carbon-to-carbon bonds split-
ting and dehydrogenation mechanisms. Usually carbon-carbon splitting de-
composition of an alkane results into lower molecular weight alkane and
alkene, in addition the alkane dehydrogentaion generates alkanes and hy-
drogen [Shirai et. al., 1997].
The primary decomposition of alkanes occurs at the normal operating tem-
perature of transformers (below 160 C) and the evolved products increments
with an increase in the carbon number. The secondary thermal decompo-
sition activates at higher temperatures (above 300 C) in equilibrium with
alkane and alkene molecules evolved from the primary decomposition as
well as cycloalkanes and aromatic molecules of the transformer oil. Conse-
quently, decomposition products comprise a gaseous mix of light hydrocar-
bons with less than 4 carbon number and hydrogen.
The equations 2.6 represent the thermal decomposition of an alkane into
other alkane, alkenes and hydrogen. These reactions in equilibrium occurs
simultaneously [Shirai et. al., 1997]:
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CnH2n+2 $ H2 + CnH2n
CnH2n+2 $ CH4 + C(n 1)H2(n 1)
:::
CnH2n+2 $ C(n 2)H(2n 2) + C2H4
(2.6)
Therefore, the general chemical reaction is expressed as following [Shirai et.
al., 1997]:
CnH2n+2 $ A0(H2 + CnH2n) + A1(CH4 + C(n 1)H2(n 1) + ::
::+ An   2(C(n 2)H(2n 2) + C2H4)
(2.7)
Where, A0 + A1 + :::+ An   2 = Ai = 1(i = 0; 1; :::; n  2)
Thus, the total mole number of products in the system is made of xmoles of
an alkane decomposed from 1 mole (1  x) at certain temperature in equilib-
rium and the products Aix [Shirai et. al., 1997]:
(1  x) + 2Aix = (1 + x) (2.8)
The figure 2.9 shows some alkanes and their respective temperatures of de-
composition.
Figure 2.9: Decomposition of alkanes with respect to temperature[Shirai et. al., 1997]
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The transformer oil has hydrocarbonmolecules with an average carbon num-
ber of 20 and average molecular weight of approximately 280 Da. Thus, the
thermal decomposition of eicosane (C20H42)aims at representing the process
gas generation in transformer oil [Shirai et. al., 1997]. The thermal decompo-
sition of eicoisane at above 300 C can be defined by the following equation
2.9 [Shirai et. al., 1997].
C20H42 $ x1CH4 + x2C2H6 + x3C2H4 + x4C2H2
+x5C3H8 + x  6C3H6 + x7H2 :::: (at 300 C)
(2.9)
with,
x1 + 2(x2 + x2 + x4) + 3(x5 + x6) = 20
4x1 + 6x2 + 4x3 = 2x4 + 8x5 + 6x6 + 2x7 = 42
Gassing and stray gassing behavior of oil
The gassing of transformer oil means formation of hydrocarbon gases in oil,
it is associated with aging of the insulation system. The gassing of oil is
accelerated due the impact of electrical, thermal, mechanical and chemical
stresses. The main factors influencing the gassing process in the oil are pre-
sented in figure 2.10.
Additionally, certain types of oils exhibit an abnormal gassing behavior un-
der normal operating temperatures, independent of aging of insulation or
faults in the transformer. This effect has been distinguished as ’stray gassing’
by the International Council on Large Electric Systems (in French: Conseil in-
ternational des grands re´seaux e´lectriques) CIGRE [Duval, 2004]. The stray
gassing is characterized by a rapid gassing behavior that generates predom-
inately high concentrations of hydrogen and methane. This increasing ten-
dency remain until the concentrations reached a plateau.
This gassing mechanism has not been identified completely, nevertheless
it seems to be caused by strong hydrogenation during oil refining. Stray
gassing of oil is highly influenced by other transformer materials which trig-
ger catalytic reactions between oil and metal surfaces such as copper, grain-
oriented steel, zinc-plated steel and varnishes [Ho¨hlein, 2006].
Breakdown of oil due to electrical stress
Breakdown of mineral transformer oil due to electrical stress is caused by
certain electro-thermal mechanisms which are being investigated over the
last decades and yet not fully understood. Besides, the complex chemical
composition of transformer oil exhibits an inconsistent behavior that makes
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Figure 2.10: Factors influencing the gassing process of oil
it difficult to predict the mechanisms of oxidation reactions.
The breakdown of transformer oil due to electrical stress has been explained
by the theory of avalanche ionization of atoms dissociated by electron col-
lisions [Wadhwa, 2012]. Figure 2.11 represents the simplified theory of oil
breakdown based on avalanche ionization of atoms. During discharge events
electrons are introduced in the oil by the cathode, creating an electro-thermal
condition that produces localized high temperatures. In this condition small
gas bubbles are generated as charge carriers which propagate further ioniza-
tion in oil, that in turn cause further generation of fault gases. This theory
applies to pure transformer oil free from any particles and moisture.
Enthalpies of gas generation in oil
The decomposition products are kinetically determined by the energy pro-
duced by the fault. Lately Jakob, Noble and Durkam [Jakob et al. 2012]
presented an approach based on the enthalpies of formation of fault gases
and average energies required for breaking and formation of bonds during
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Figure 2.11: Development of electrical breakdown of oil during fault gas generation
[Schmidt, 1982]
decomposition of n-octane (C8H18). Table 2.6 presents the relative enthalpies
required for the fault gas formation.
Table 2.6: Bond dissociation enthalpy [Klotz et al., 1986]
Gas compound CH4 C2H6 C2H4 H2 C2H2
Relative enthalpies (kJ/mol) 77.1 93.5 104.1 128.3 278.3
Thus, the generation of methane, ethylene and ethylene requires the least
generation energy, while hydrogen and acetylene need much larger genera-
tion energy. Therefore, generation of acetylene in large amount is indication
of a severe fault, such as arcing discharge which can result in serious damage
to a transformer. Also hydrogen, which is generated in different amounts by
almost all faults, provides certain indication of type and intensity of the re-
lated fault.
The antioxidants or inhibitors
Oxidation should be controlled or slowed down in order protect the dielec-
tric properties of the oil. For that reason inhibitors are incorporated into the
oil formulation to interrupt the propagation of free radical chain reactions
and to terminate the oxidation process. Equation 2.10 represents the action
of an oxidation inhibitor [Sanghi, 2003].
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The incorporation of an inhibitor (AH) will provide a labile hydrogen atom
that can compete with the hydrocarbon and produce an inactive free radical
(A), terminating the chain reactions. Inhibitors or antioxidants are usually
phenolic or aromatic amine compounds, among the most common inhibitors
are 2.6-ditertiarybutylphenol (DBP) and 2.6-ditertiarybutyl-4-methyl phenol
(DBPC) [Sanghi, 2003].
R + AH $ R H + A
RO + AH $ R O  H + A
R O  O + AH $ R O  OH + A
OH + AH $ H2O + A
(2.10)
Though conventionally refined transformer oils contain natural antioxidant
compounds, the incorporation of inhibitors is essential to retard the rate of
oxidation and prolong the service life of the oil. However, the inhibitors
can deplete with the ongoing oxidation reactions, leading to higher rates of
oxidation. Therefore adequate monitoring of the inhibitor content should be
maintained.
2.5 The gas-in-oil as ideal solution
A solution made of oil and the gases dissolved in it can be assumed as an
ideal solution if its thermodynamic properties are similar to those of an ideal
gas mixtures. Ideal solutions are characterized by equivalent interactions
among molecules of the same type of chemical structure. Furthermore, in
these solutions the enthalpy of mixing is zero and the entropy of mixing is
defined by change in the molar Gibbs free energy as shown in the equation
2.11.
Gm;mix = RT
X
i
xi lnxi (2.11)
where,
Gm;mix = change in Gibbs free energy per mole of solution, kJ
xi = mole fraction of component ’i’
The molar Gibbs free energy expression can be written in terms of chemical
potentials, as following [Atkins et al., 2006]:
Gm;mix =
X
i
xii;mix (2.12)
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with,
i;mix = RT lnxi; which is defined as change in the chemical potential of
component ’i’ on mixing.
The chemical potential of a component ’i’in an ideal solution can be ex-
pressed as [Atkins et al., 2006] :
i = 

i +i;mix = 

i +RT lnxi (2.13)
Where, i is chemical potential of pure liquid ’i’
When there is an equilibrium between liquid and gas phases, then the chem-
ical potentials of ’i’ are equivalent (i;liq = i;gas) [Atkins et al., 2006].
Hence, for a given component ’i’ the Raoult’s law can be applied over the
whole range of concentrations as following [Atkins et al., 2006]:
Pi = xi  P i (2.14)
where,
Pi = vapor pressure of a component i
xi = mole fraction
P i = vapor pressure in pure state
The Raoult’s law in a multicomponent ideal solution can be written as:
P = P axa + P

b xb + ::: (2.15)
Solubility of gases in oil
The ability of fault gases to dissolve in oil is highly dependent on the factors
such as temperature, pressure as well as chemical composition. Figure 2.12
represents the solubility of hydrocarbon gases in oil as a function of temper-
ature. The solubility of hydrocarbon gases in oil is higher than the solubility
of hydrogen and atmospheric gases in oil. Furthermore, the solubility of hy-
drogen, nitrogen, carbon monoxide and oxygen increases with increase in
temperature, while the solubility of carbon dioxide, acetylene, ethylene and
ethane reduces with the increase in temperature [Griffin, 1988].
One of the most commonmethods applied for quantification of gas solubility
in oil is the Henry’s law. The principle of this law is limited to dilute ideal
27
2 Power Transformers and Dissolved Gas Analysis of Oils
Figure 2.12: Temperature dependent solubility of gases in oil [Griffin, 1988]
solutions, similar to the gas-in-oil solution in transformer. The Henry’s law
states that the concentration of a gas dissolved in a liquid is directly propor-
tional to the partial pressure of that gas in equilibrium with the liquid at a
constant temperature [Atkins et al, 2006]:
Pgas = kHC (2.16)
Where,
Pgas = partial pressure [atm]
kH = temperature-dependent Henry’s constant [atm=mol]
C = concentration of the dissolved gas in the liquid [mol=l]
The Bunsen solubility coefficient, , is defined as the volume of gas that can
be absorbed by the unit volume of solvent at a specified temperature, under
the partial pressure of the gas of 101.3 kPa [Fogg et al., 1991]. For ideal solu-
tions the equation is written as equation 2.17 [Battino et al., 1966].
 =
Vgas
Vsol
 273:15
T
(2.17)
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Where,
Vgas = volume of dissolved/absorbed gas, [l]
Vsol = volume of absorbing solvent, [l]
T = absolute temperature, [K]
Another way to determine solubility of gases in oil is by means of the Ost-
wald coefficient, L, which is defined as the ratio of dissolved gas volume
(Vgas) to the solvent volume (Vsol) at the experimental temperature and pres-
sure conditions (equation 2.18) [Battino et al., 1966].
L =
Vgas
Vsol
=
Cliq
Cgas
(2.18)
where,
Vliq = volume of the gas in the liquid phase [l]
Vgas = volume of the gas in the gas phase [l]
Cliq = concentration of the gas in the liquid phase [mol=l]
Cgas = concentration of the gas in the gas phase [mol=l]
The Ostwald coefficient is an equilibrium constant independent of the partial
pressure in ideal solutions, additionally it can be applied to determine the
concentration of gas in one phase when the concentration of gas in the other
phase is known [Griffin, 1988]. The table 2.7 presents Ostwald coefficient
estimated for gases dissolved in a transformer oil with density of 0.880, at
25C and 1 atm [Griffin, 1988].
Table 2.7: Ostwald coefficients [Griffin, 1968]
Gas Ostwald coefficient, L
O2 0.138
N2 0.0745
CO2 0.9
CO 0.102
H2 0.0429
CH4 0.337
C2H6 1.99
C2H4 1.35
C2H2 0.938
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In general, solubility coefficients are estimated experimentally or based on
certain empirical methods. The American Society for Testing and Materials
has proposed methods (ASTM norms D2779 and D2780) to determine the
solubility of gases by means of Ostwald coefficients obtained from empirical
equations and oil standards of known solubility parameters [Griffin, 1968].
2.6 Diffusion of gases
In the case of air-breathing transformers with open conservator, there is a
continuous exchange of gases between the transformer oil and the surround-
ing atmosphere, which is referred as breathing of transformers. The con-
servator allows a free gas exchange at the oil-air interface, thus dissolved
gases can diffuse-out continuously while oxygen and nitrogen from the at-
mosphere keep the oil saturated.
Diffusion process is a part of mass transport phenomena, and denotes the
mixing of two or more substances or the movement of a fluid from an area of
higher concentration to an area of lower concentration [Benner et al., 1982].
Diffusion process exhibit two important characteristics: its random nature,
and the mass transport until reaching an equilibrium. Diffusion is often com-
plimented by convection, which makes it difficult to investigate as a separate
process.
Diffusion can be described by the Fick’s laws, which is aimed at representing
the mass transport due to diffusion and the rate of change of concentration in
space. The first Fick’s law (equation 2.19) is used for steady-state condition,
when the concentration within the diffusion volume does not change with
the time [Benner et al., 1982].
J =  D  @C
@x
(2.19)
where,
J = diffusion flux [mol=m2s]
D = diffusion coefficient [m2=s]
C = concentration of diffusing gas (ideal mixtures) [mol=m3]
x = position in the diffusion volume [m]
The second Fick’s law (equation 2.20) is used in non-steady condition and
time dependent diffusion. It relates the rate of change of concentration at
30
2.6 Diffusion of gases
certain location to the spatial variation of the concentration at that location
[Scott et al., 2002].
@C
@t
= D  @
2C
@x2
(2.20)
Where, t is time in seconds.
A one-dimensional solution of equation 2.20 was obtained to represent the
diffusion of an instantaneous point-source injection of mass M in an area
A = a2 at x = 0 and t = 0, see figure 2.13.
Figure 2.13: One dimensional diffusion tube
Thus the injected mass of concentration C(x; t) is given by the following ex-
pression [Scott et al., 2002].
C(x; t) =
Z
v
C(x; t)@V (2.21)
Based on the following boundary conditions, the solution of the integral of
concentration within a diffusion volume can be solved as shown in equation
2.22.
 At t = 0 all amount of solute is concentrate at x = 0.
 The concentration is finite within the diffusing volume.
 The total amount of solute is constant at all times.
C(x; t) =
M
A
p
4Dt
e x
2=4Dt (2.22)
In the case of a pure diffusion process, the instantaneous point source diffu-
sion model could be applied to estimate diffusion coefficient of compounds
within a certain volume. For instance, diffusion of gases dissolved in the oil
volume of a transformer tank, however gases generated in transformers are
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mainly subjected to many concurrent processes that prevent estimations of
pure diffusion coefficients of gases dissolved in the oil volume.
The mass transfer velocity of a gas diffusing through an interface between
oil and air can be described by the mass transfer coefficient [Acheson, 1990].
The driving forces behind the mass transfer process are concentration gra-
dient and diffusion of molecules through a steady interface layer of certain
thickness , thus the concentration gradient can be expressed by equation
2.23 [Guo at al., 2003].
J
A
=  (D

)
@c
@x
(2.23)
Since the diffusion cannot be measured through the interface layer, the mass
transfer coefficient (Kliq) replaces the expression D= in equation 2.23 [Guo et
al, 2003].
dWliq
dt
=  AKliq

Cliq  
Cgas
H

(2.24)
Kliq = cHKgas (2.25)
where,
dWliq
dt = gradient of amount of dissolved gas [g=h]
A = surface area of diffusion [m2]
Kliq = liquid phase mass transfer coefficient [m=h]
Kgas = liquid phase mass transfer coefficient [m=h]
Cliq = concentration of gas in liquid phase [g=m3]
Cgas = concentration of gas in air [g=m3]
cH = Henry’s dimensionless constant [-]
2.7 The dissolved gas analysis methods
Dissolved gas analysis (DGA) is among the most widely usedmethod for de-
tection and diagnosis of faults in the transformers. The conduction of DGA
consists of oil sampling, analysis of gas-in-oil concentrations and fault di-
agnostic based on the obtained concentrations using certain interpretation
schemes. A proper implementation of each step of the DGA method ensures
a reliable identification of faults in a transformer and indicate the timings of
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maintenance and repair to prevent its failure [Sun et al., 2012].
The DGA for a transformer is usually implemented only at certain mainte-
nance intervals, however latest state-of-the-art techniques can carry out con-
tinuous DGA monitoring though an online system and give early warnings
about any sudden increase of fault gas concentrations.
Precise interpretations of DGA results requires sufficient knowledge of rela-
tionship between gas concentrations/patterns and type of faults as well as
their severity. The interpretation schemes usually consist of thresholds, ra-
tios and graphical representations of concentrations of key gases pertaining
to different types of faults. The most common interpretation schemes for
fault diagnostic include the key gas analysis, Dornenberg and Rogers Ratio,
Nomograph, IEC ratio, Duval Triangle, and CIGRE interpretation scheme
[Sun et al., 2012]. These interpretations schemes show certain limitations
which can lead to uncertain fault diagnostic, therefore it is recommended to
use more than one scheme for a fault diagnostic.
Among interpretation schemes, themost popular and frequently used scheme
is the key gas method, which consist of correlating a fault type with the
concentration of one of the key gases (C2H4; CO;H2 or C2H2), for instance
high concentrations of hydrogen predicts partial discharge, ethylene indi-
cates overheating above 500 C and acetylene is characteristic for a thermal
fault above 1000 C. The key ratios consist of CH4=H2 for partial discharge,
C2H2=C2H4 for arcing discharge, C2H2=C2H6 for discharges, and C2H4=C2H6
for hotspots. These ratios of gas concentrations are compared with certain
threshold values corresponding to the types of faults [Sun et al., 2010].
Another method, here referred as gas generation pattern method, is a graph-
ical method which is based on the assumption that the patterns of concen-
tration ratios of fault gases generated due to certain type of faults are always
identical. The method consists of plotting normalized concentrations of key
fault gases in the following sequence; H2, CH4, C2H6, C2H4, C2H2 and com-
paring the obtained pattern to the typical fault gas generation patterns pre-
sented in the figure 2.14. The concentrations of the key gases are normalized
by the concentration of the dominant gas concentration (with maximum con-
centration) among the key gases; therefore the normalized concentration of
the dominant gas is always 1.0 [-]. This method has proven its potential for
fault diagnostics in transformer using DGA [Okubo et al, 1999 and Tshukioka
et al, 1978].
The interpretation scheme proposed by CIGRE TF 15.01.01 [Mollmann et al.,
1999] is one of the most recent DGA interpretation scheme (table 2.8).
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Figure 2.14: Gas generation pattern method
Table 2.8: Fault diagnostic by applying the CIGRE fault interpretation scheme (par-
tial discharge)
Part I: Key gas ratios
Key gas Ratio [-] Fault type
(C2H2=C2H6) > 1 Arcing discharge (AD)
(H2=CH4) > 10 Partial discharge (PD)
(C2H4=C2H6) > 1 Oil overheating (OH)
Part II: Thresholds [ppm]
Key gas Thrsh. [ppm] Fault type
C2H2 > 20 Arcing discharge (AD)
H2 > 100 Partial discharge (PD)P
CxHy > 1000 Oil overheating (OH)P
COx > 10000 Cellulose degradation (C)
The CIGRE interpretation scheme is aimed at addressing certain discrepan-
cies in the other interpretation schemes by incorporating up to date scientific
knowledge and practical experiences. The method is based on key gas con-
centrations and ratios, which are compared with the thresholds established
for a sound operation of a transformer. The CIGRE scheme allows diagnos-
tics of several faults that could be occurring simultaneously, and in some
cases it can identify the fault location. However, this scheme as well as the
other interpretation schemes cannot provide a reliable diagnostic of instan-
taneous faults such as partial discharge [Sun et al., 2010].
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During this study the data obtained from experimentally simulated faults
and the analysis of corresponding fault gas generation is used to evaluate
the accuracy and reliability of the CIGRE interpretation scheme and the gas
generation pattern method.
Quality control of transformer oil
Transformer oil requires to fulfill certain quality criterion to ensure its suit-
ability as dielectric insulation in the power transformers. The international
standard norm proposed by International Electro-technical Commission (IEC
60422) includes the criterion used for evaluation of the insulation quality of
transformer oil and cellulose paper [Nynas Naphtenics, 2004]. The table 2.9
present the criterion for condition assessment of insulation oil. These crite-
rion provide a basis for better DGA diagnostic of a given fault condition in
transformers.
Table 2.9: Criterion for condition assessment of an insulation oil
Test Limit value Interpretation and
possible action
Total acid < 0.02 normal condition
number [mg/g] > 0.15 heavy oxidation, oil change
or regeneration necessary
Water content [ppm] < 15 normal condition
> 25 cellulose aging, remove
water by degassing
Corrosive Sulfer [ppm] < 0.1 normal condition
> 3.5 very high
Breakdown Voltage [kV] < 50 moisture, sludge, parti-
>170 kV transformer > 50 cles normal condition
Power factor [ %], > 5 contaimination from metal,
tan at 90 C organics. Regeneration or
change of oil
Peroxide number < 1 normal condition, slow
> 5 aging rapid aging
> 10 rapid aging and hotspots
Interfacial tension polar compounds from
aging or contamination
Visual appearance clear normal condition
turbid aging, particles
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3 Experimental Setups and
Measurement Equipments
The design and construction of several experimental setups were required to
investigate the gassing behavior of the transformer oils. These setups were
aimed at simulating the gas-in-oil generation as it occurs in power transform-
ers operating with certain thermal or electrical faults.
This chapter provides a detailed description of the experimental setups and
the equipments used for these investigations. Furthermore, the technical de-
scriptions of the state of art DGA equipments are also presented in the chap-
ter.
3.1 Small scale setup
This setup was constructed to facilitate the experiments related to the gen-
eration of gases in transformer oil as a consequence of partial discharges or
hotspots. The main parts of the setup are described as following.
3.1.1 Oil tank (12 liter) and high voltage supply system
The figure 3.1 shows a schematic representation of oil tank and the high volt-
age supply system. The oil tank of 12 liter capacity was made of a plexiglass
cylinder and sealed at the top and bottom using steel plates. A smaller tank
of 6 liter capacity was placed on the top of the oil tank to simulate the func-
tion of open-breathing conservator tank to contain the oil in case of thermal
expansion.
The setup consisted of a high voltage transformer (30 kV), an autotrans-
former (0-230 V AC), a voltage controlling panel and a security cabinet with
warning lights.
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Figure 3.1: High voltage suppply circuit for partial discharges in the oil tank (12
liters)
3.1.2 Partial discharge (PD) system
The electrodes used to generate partial discharge consisted of a rod, a brass
disk, and a pressboard. The disk was placed between the rod and the press-
board. Several disks of different diameters, thickness, surface and edge ge-
ometry were tested in the setup in order to achieve a stable partial discharge
event. As a consequence, a square and rough edged disk of 1.5 mm thickness
and 25 mm diameter was selected for the following partial discharge experi-
ments. The pressboards of 8 cm x 8 cm size and approximately 2 mm thick-
ness were treated before their utilization in order to remove air and moisture
trapped into the material. Figure 3.2 shows a schematic representation of the
disk electrodes.
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Figure 3.2: Disk electrode arrangement
Figure 3.3: Hotspot setup for gas-in-oil analysis
3.1.3 Hotspot system
The figure 3.3 presents a diagram of the experimental setup for hotspots.
For the hotspot experiments was used the same tank setup as for the partial
discharge experiments (see Section 3.1.1), with exception of the disk elec-
trodes and the high voltage circuit. Instead, two rods supporting a piece of
semi-conductor material (graphite lead) were inserted through the top and
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the bottom covers of the oil tank. Due to high resistance the semi-conductor
materials like graphite induce high temperature in short time when they are
subjected to electric current. This allows to create hotspot in the oil tank to
simulate thermal faults in the transformer. Apart from the graphite other
materials were tested to create hotspots, nevertheless only graphite induced
the temperatures high enough to trigger oxidation of the transformer oil.
3.2 Large scale setup system
This setup was constructed with the purpose to carry out investigations on
the effect of electric stress at high voltage (approximately 100 kV) on the
gassing behavior of the transformer oils. This system was designed to re-
semble the main concept of oil insulation in a power transformer with a main
tank, an air-breathing conservator and an oil circulation system. The follow-
ing section presents a technical description of the main parts of the setup.
3.2.1 Oil tank (600 liter) and high voltage system
The figure 3.4 displays a simplified representation of the oil tank and its high
voltage circuit. The main oil tank of 600 liter capacity was made of a fiber
glass cylinder covered with copper layers. The top and the bottom of the
tank were sealed using steel plates covers. A high voltage bushing was fixed
on the top cover to provide connections to the high voltage circuit. Several
sensors were inserted through the top cover to measure temperature, pres-
sure and oil level at different locations in the tank.
An additional tank of approximately 60 liters capacity was placed above
the oil tank which performed the function of an open-breathing conserva-
tor where the oil is in contact with air at ambient conditions. Both of these
tanks were connected in an oil circulation system that facilitates homogeniza-
tion of gas concentrations in oil at controlled circulation rate. A relay placed
between oil tank and conservator ensured the safety of electric circuit in case
of uncontrolled gas generation and overflow of oil.
A needle-plate electrodes were fixed on the invert side of the top cover on
the main tank, it was connected to the high voltage circuit through the bush-
ing. The distance between the needle and the plate was adjustable. The high
voltage circuit consisted of an autotransformer (0-400 V AC), a high volt-
age transformers (0-100 kV), an earthing motor, security fences with warning
lamps, electronic circuits and a control panel.
39
3 Experimental Setups and Measurement Equipments
Figure 3.4: High voltage supply circuit for electric discharges in the oil tank (600
liter)
3.2.2 Oil circulation system
The oil circulation in transformers is engineered to regulate the oil tempera-
ture by continuous mixing. The oil circulates through cooling ducts of suit-
able dimensions to ensure the heat exchange. The rate of oil circulation de-
pends on the dimensions of the transformer. The oil circulation system is
also facilitates homogenization of gas concentrations as well as filtering and
degassing of the oil in the tanks. The figure 3.5 shows a diagram of the oil
circulating flow system including measurement technologies. The system
was composed of a pipe network that includes 15 magnetic valves (solenoid
valves) and a pump. The flow rate of the pump was adjustable up to a max-
imum limit of 3 l/min.
40
3.2 Large scale setup system
Fi
gu
re
3.
5:
Sc
he
m
at
ic
vi
ew
of
oi
lc
ir
cu
la
ti
on
sy
st
em
fo
r
th
e
la
rg
e
se
tu
p
41
3 Experimental Setups and Measurement Equipments
The volumetric flow of a fault gases can be described by principles of fluid
hydraulics in the oil balance of a transformer [Altmann, 2004]. The oil bal-
ance is a dynamic system that consists of main tank and conservator tank
filled with oil. The temperature of the oil in the oil balance system is reg-
ulated by means of its flow circulation through an external cooling system.
Additionally, temperature gradients caused by faults at particular locations
in the main tank can also lead to oil circulation due to local convection pro-
cesses. This convection process due to temperature gradient is known as
natural cooling flow or thermosyphon [Altmann, 2004].
Figure 3.6: Volumetric flow of a fault gases in the oil balance of the large scale setup
The volumetric flow of a fault gases in the oil balance of the large scale setup
is demonstrated in the figure 3.6. The volume of a given fault gas (VT (i)) dis-
solved in oil can be expressed by its concentration gradient (CT (i)), which
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varies with time, mixing velocity and solubility of that particular gas. The
volumetric flow of the fault gas is transferred to the conservator (VC(i)) at a
specific pump flow rate (FR) for oil circulation aimed atmixing of oil balance.
The concentration gradient of the fault gas (CC(i)) in the conservator tank
decreases as the gas diffuses to the atmosphere (CD(i)). At the same time,
the oil balance keeps on circulating, mixing and transferring certain amount
of gases out of the oil balance, which results in an ongoing decrease of the
fault gas concentration in the oil balance until the diffusion process reaches
its equilibrium.
3.2.3 Automation system
This system was built to control and assess the various parameters of the ex-
periments. A general scheme of this systems can be seen in the figure 3.7.
The system consists of a remote control computer, a control terminal box and
a customized software. The control terminal box is composed of digital and
analog modules that transform MODBUS messages to electronic signals and
vice versa. MODBUS is a typical automation application for communica-
tion between devices and data exchange. A remote control computer with a
customized software registers the data conveyed byMODBUSmessages and
convert computer commands to MODBUS messages. The main function of
the automation system was to control high voltage parameters, to regulate
the oil circulation by controlling valves and to record data from the sensors
that measured oil temperature, pressure and oil level in the tank.
Figure 3.7: Interaction scheme of the automation system for the large scale setup
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3.3 The DGA equipments
3.3.1 Kelman Transport X
Technology supplier: General Electric Company, Monitoring and Diagnostic
(former Kelman Ltd., U.K.)
This is a portable gas analysis device (figure 3.8) based on the principle of
photo-acoustic spectroscopy (PAS)which can detect gas-in-oil concentrations
of characteristic gases such as methane, ethane, ethylene, acetylene, carbon
dioxide and carbon monoxide, and moisture within a range between 1 to
50000 ppm with accuracy of approximately  2 ppm. Since the PAS can not
detect the atomic structure of hydrogen, the hydrogen concentration is deter-
mined by a semiconductor sensor (SnO2) which can measure up to 5000 ppm
of hydrogen concentration. The measurements are conducted at 50 C using
50 ml of oil sample and approximately 5 ml of gas sample [Kelman Transport
X Infoblat, 2009].
The PAS measurements are based on the facts that absorption of infrared
Figure 3.8:Measurement principle of Kelman Transport X,[Kelman Transport X In-
foblat, 2009]
light cause heat-expansion of a gas and that each gas absorbs only a specific
infrared light spectrum. Therefore, a particular sound wave produced by
expansion of a gas can indicates the type of the gas and the intensity corre-
sponding to the sound wave indicates the concentration of the gas [Cargol,
2005].
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To perform the measurements oil samples are injected into a sample bottle
using a glass syringe. After an assessment of temperature the oil is stirred
and circulated for certain time in order to induce partitioning of dissolved
gases and oil. Once the equilibrium is achieved, the gases accumulated in
the headspace are analyzed by the photo-acoustic spectrometer (PAS). The
results are displayed on in-built screen and recorded in the device memory.
3.3.2 Vacuum degassing and gas chromatography system
Technology suppliers: ECH Elektrochemie Halle GmbH and Energy Support
GmbH, Germany.
This is an automated system composed of vacuum degassing device and
mobile gas chromatograph (Mobil GC), connected by a pump and tube (fig-
ure 3.9). This system can function as an online DGA-monitoring system to
conduct automatic and continuous gas-in-oil analysis following a defined
measurement plan controlled by its software. The system can detect hydro-
gen, methane, oxygen, nitrogen, carbon monoxide, carbon dioxide, acety-
lene, ethane, ethylene, ethane, propane and propylene. The detection limits
of the device are: 1 ppm for hydrogen, 0.2 ppm for methane and carbon ox-
ides, and 0.1 ppm for acetylene, ethylene and ethane.
In case of a manual operating mode, the oil samples are first injected into
a vacuum degassing device using a 100 ml glass syringe. The vacuum de-
gassing device performs the extraction of dissolved gases by means of di-
aphragm pumps. The process of degassing occurs in a pressure range be-
tween 2 to 200 mbar in several cycles and it last for approximately 2 min. Its
principle is based on the standard norms IEC 60567.
The mobile gas chromatographer (Mobil GC) performs the measurements of
gas-in-oil concentrations. The extracted gas sample is automatically pumped
(or a ready gas sample can be injected using a syringe) into a six-ports sam-
ple loop valve of the device. The sample loop valve controls the flow through
the specific columns and detectors of the chromatographer.
Separation of different gas components occurs inside two capillary columns
(carboxen and molesiev). The detection of gas concentrations is achieved by
means of a thermal conductivity detector (TCD), a methanizer detector and
a flame ionization detector (FID). High pressure portable gas cylinders at-
tached to the device allow its portable use for long periods (more than 80
hours).
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Figure 3.9: Description of vacuum degassing system [ECH Elektrochemie Halle
GmbH]
3.3.3 Shaking syringe system for gas extraction
Technology suppliers: ECH Elektrochemie Halle GmbH and Energy Support
GmbH, Germany
In this system a specially designed syringe is used for manual extraction of
dissolved gases. The system is based on the partial degassing method de-
scribed in the international standard IEC 60567.
The figure 3.10 presents the details of the syringe used for the system. The
syringe has ametal plunger that can be locked in two different positions: first
one is at 40 ml volume, and second one is to produce the vacuum headspace.
After filling the syringe with an oil sample, the plunger is locked at the sec-
ond position. Then the oil filled syringe is shaken manually for a certain time
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to induce partitioning of the oil sample in oil and gas phases. The syringe is
then placed standing vertical in order to allow equilibrium conditions be-
tween the two phases and let the gases to accumulate in the headspace. Af-
ter the equilibrium is reached, the plunger of the syringe is unlocked and left
free in order to let internal pressure equalize with the atmospheric pressure.
In the following step the gases accumulated in the headspace are extracted
with another syringe and analyzed by means of a gas chromatographer.
Figure 3.10: Shaking syringe used for manual extraction of gas-in-oil
The concentrations of gases dissolved in the oil can be determined according
to the following principles. Under equilibrium conditions, the mass balance
equation can be used to express the relationship among the concentration of
gases remaining in oil (Cl), the concentration of gases in the gas phase (Cg)
and the initial concentration of the gases in the oil (C0l ) as following [Ioffe et.
al., 1984]:
C0l Vl = ClVl + CgVg (3.1)
Where, Vl = 40 mL (volume of the oil sample) Vg = volume of the gas (mea-
sured with the shaking syringe after gas extraction and compression)
47
3 Experimental Setups and Measurement Equipments
The concentration of a given gas partitioned between two phases at equilib-
rium conditions can be expressed as [Ioffe et. al., 1984]:
K =
Cl
Cg
(3.2)
Where, K = solubility factor calibrated for the shaking method
After rearranging the equation 3.1 the concentration of gas-in-oil can be de-
termined by the equation 3.3.
C0l = Cg
Vg
Vl
K (3.3)
The solubility factors presented in the table 3.1 were provided by the technol-
ogy supplier (Energy Support GmbH). These coefficients are generally deter-
mined experimentally based on oil standards [ASTM Test Method D2780] or
calibrated according to a particular method.
Table 3.1: Solubility factors for gases, calibrated for the shaking syringe extraction
method
Gas component H2 CH4 C2H6 C2H4 C2H2 CO CO2 O2 N2
Solubility factors 1.6 2.5 9.0 6.1 4.7 1.7 4.1 1.5 1.4
3.3.4 Transformer Gas Monitoring (TGM) system
Technology suppliers: GATRON GmbH, Germany
The technology of the transformer gas monitoring system (TGM) consists of
an automated equilibrium gas headspace device in which the equilibrium of
the phases can be continuously generated inside its gas provisioning column
(GPC). This column represents the core of this device where the partitioning
of dissolved gases between the oil and headspace takes place under equilib-
rium conditions. The scheme of this system is provided in figure 3.11.
The TGM can determine gas saturation contents for hydrogen, oxygen, ni-
trogen, carbon dioxide, carbon monoxide as well as the sum of hydrocar-
bons. The gas extraction is based on the natural internal standard (NIS)
which specifies that pressure and nitrogen concentration in an equilibrium
gas headspace are comparable to those in the atmosphere [Arago´n-Patil et
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al., 2007]. Hence, an equilibrium condition in which the nitrogen concen-
tration is approximately 66000  5 % ppm (average concentration) can be
asssumed as the saturation condition for the other gases dissolved in the oil
[Bra¨sel, 2005].
When this system is set for a given measurement, the equilibrium gas head
space is produced and the related parameters are measured. Further the gas
samples from the equilibrium headspace are extracted and analyzed using
chromatography. The resulting gas concentrations are then given in to a
software that determines the final gas-in-oil concentrations according to the
measured parameters, such as pressure of oil solution in the gas provisioning
column, oil temperature as well as certain calibrated solubility factors.
Figure 3.11:Measurement principle of transformer gas monitoring system (TGM)
49
3 Experimental Setups and Measurement Equipments
3.3.5 Variable Oil Treatment (VOT-3) system
Technology supplier: Micafil AG, Switzerland
This system performs automatic oil treatment or reconditioning such as fil-
tration, degassing and drying of oil. The VOT-3 system was included in the
large test setup (see figure 3.5) mainly for reconditioning of oil. It was also
used for filling and emptying the oil tank and as an intermediate container
for the oil circulation system. The VOT-3 system can treat approximately 300
liter of oil per hour.
3.3.6 Mtronix partial discharge (PD) measurement system
Manufacturer: Omicron electronics GmbH, Austria
The conduction of partial discharge experiments was controlled by means of
application of this system which consists of a coupling device, acquisition
units, an optic fiber controller and a software (Mtronix), see figure 3.12.
Figure 3.12: Partial discharge control and measurement system for the small test
setup
The coupling device is a four-terminal network (quadrupole) that converts
the input currents to output voltage signals. These signals are transmitted to
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the acquisition units. The acquisition unit in connected to the fiber optic con-
troller via fiber optic cables and coaxial connectors. The monitoring system
can record and store data from PD events in real time at 25 frames per second.
The partial discharge (PD) impulses can be represented as phase resolved
partial discharge (PRPD) patterns. The PRPD patterns consist of diagrams
pertaining to phase curve, amplitude and frequency of pulses. The PRPD
provides a reliable assessment of average charge and voltage of a partial dis-
charge event.
The figure 3.13 presents a PRPD diagram that can be interpreted according
to the distribution of PD pulses of a specific intensity (the dot colors corre-
spond to an intensity indicated on the gamut scale), the amplitude of phase
voltage ( green curve), and the average magnitude of charge (QIEC) and ap-
plied voltage.
Figure 3.13: Phase resolved partial discharge diagram for a PD event (PRPD)
3.3.7 Transformer oils used for the investigations
The table 3.2 presents some of the main properties of the transformer oils
used for the investigations. These transformer oils are highly refined naph-
tenic oils which are commonly used for oil-filled electrical equipments due
to their strong resistance to degradation and oxidation. The detailed chemi-
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Table 3.2:Main characteristics of the transformer oils used for the experiments
Name Nynas Nytro Nynas Nytro Nynas Shell Diala
Lyra 3000X 10 GBN DX
Type High grade High grade High grade
Inhibited Inhibited Uninhibited Inhibited
Kinematic viscosity 9.4 9.4 8.9 17.0
at 40 C [mm2=s]
Flash point [C] 138 135 148 136
Density [kg=m3] 871 871 886 877
(at 20 C) (at 20 C) (at 20 C) (at 15 C)
Pourpoint [C] - 60 - 40 - 57 < - 60
Breakddown 40-60 40-60 40-60 >60
Voltage [kV]
cal composition and additives in the transformer oils are not known due to
confidentiality of the product information.
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4.1 Investigations of factors affecting the
dissolved gas analysis (DGA)
Dissolved gas analysis (DGA) of representative oil samples play key role in
diagnostics of condition of a power transformer. Therefore quality of the oil
samples is crucial for precise diagnostics. Quality of oil samples can be sig-
nificantly influenced by the practices used for oil sampling and storage. The
oil properties such as stray gassing and the techniques used to extract the
gases dissolved in oil can also affect DGA.
Standard practices are recommended in the international guidelines [IEC
60567, 2005] to ensure adequate and systemic sampling of oil, storage of the
samples and extraction and analysis of gases dissolved in oil. Occasionally
these guidelines are underrated due to lack of awareness about the impact of
sampling and storage related factors on DGA results. Following investiga-
tionswere carried out to quantify and to remark the influence of these factors.
4.1.1 Gas-in-oil extraction techniques
Besides a proper conduction of sampling and storage of oil samples, proper
extraction of gases dissolved in oil is very crucial for precise assessment of
the oil conditions. In order to study the influence of the extraction techniques
on the measurements of gas-in-oil concentrations, four different extraction
techniques were tested and evaluated.
The extraction techniques and other experimental conditions are listed as
following:
 Extraction by vacuum (VE), shaking syringe (SS), equilibrium head space
(EHS) and dynamic head space (DHS, Kelman Transport X)
 Transformer oil Nynas Nytro 3000X, aged through electric discharges
applied in the oil tank of the large test setup
 Oil samples extracted in 100 ml glass syringes at normal ambient con-
ditions
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 Sets of 5 samples were evaluated for each extraction method
 The gas concentrations for all the extraction techniques were measured
using the gas chromatography from Mobil GC (Energy Support) with
same calibration parameters.
The figure 4.1 and table 4.1 present the concentration and relative standard
deviations for the critical gases obtained using the extraction techniques un-
der investigations. The results demonstrate that the gas extraction technique
vacuum (VE) leads to the highest gas-in-oil concentrations, which means
maximum gas extraction and least loss of gases during the extraction. Thus,
vacuum (VE) can be considered as a most efficient gas-in-oil extraction tech-
nique, followed by equilibrium gas head escape (EHS) and dynamic head
space (DHS). The gas extraction using shaking syringe (SS) leads to the low-
est gas-in-oil concentrations. The concentrations of the critical fault gases
obtained using shaking syringe (SS) are in general 50 % to 60 % lower than
that obtained using vacuum extraction (VE), which can be attributed to low
gas extraction efficiency of the shaking syringe technique.
Figure 4.1: Gas-in-oil concentrations obtained using different gas extraction technics
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Table 4.1:Mean gas-in-oil concentrations and relative standard deviations (RSTD)
obtained for multiple measurements using different gas extraction meth-
ods
Component Gas-in-oil concentration [ppm]
H2 CH4 C2H6 C2H4 C2H2
Manual VE 155.8 21.8 2.1 25.4 138.5
RSTD [ %] 2.3 5.3 10.2 4.5 6.3
Online VE 153.4 21.8 2.4 28.0 143.7
RSTD [ %] 2.6 6.1 8.1 7.2 7.4
SS 78.9 8.86 2.4 9.84 53.60
RSTD [ %] 5.0 7.8 13.6 9.8 8.9
EHS 144.8 17.0 0.0 23.6 122.5
RSTD [ %] 2.1 0.0 0.0 2.1 1.6
DHS 144.4 22.4 3.2 27.2 115.2
RSTD [ %] 5.5 8.1 15.2 6.6 1.6
The relative standard deviations (RSTD) indicate that equilibrium head space
(EHS), with a RSTD below 2.1 %, produced the best measurement consis-
tency for all the gases. The gas extraction carried out using syringe (SS) and
dynamic head space (DHS) leads to highly inconsistent measurements, espe-
cially in the case of hydrogen (RSTD > 5%). The manual and online vaccum
(VE) technique show small RSTD (< 2%) for hydrogen, however it is incon-
sistant in case of other gases.
4.1.2 Sampling of transformer oil
One of the most common problem which occurs while extracting oil samples
from oil-filled transformers is the air-trapping in the oil sample in form of
bubbles or free space inside the container. This issue can occur as a result
of leaking pipes and valves used for oil extraction. It can also occur due to
leaking or partially filled oil containers. The type of container used to carry
the samples is another aspect of sampling procedure that can also affect DGA
results. The effect of air-trapping and sample container was investigated us-
ing,
 Aged Nynas Nytro 10 GBN transformer oil (not-inhibited and air satu-
rated) and
 Kelman Transport X (General Electric Company) for DGA.
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Air-trapping
To investigate the influence of air-trapping on the gas-in-oil concentrations
air bubbles of known volumes were added into oil samples. The gas-in-oil
concentrations of these samples were then measured to quantify the influ-
ence. Following aspects were considered during the experiments.
 Oil aging: achieved by heating up the oil at 120 C for 4 days continu-
ously.
 Number of test samples: 50ml oil samples each containing an air bubble
of volume 0.5 ml, 1.0 ml, 2.0 ml, 3.0 ml or 4.0 ml. Three samples were
prepared for each bubble volume.
 Additional samples with no air bubble were prepared as a reference oil
samples.
 The samples were kept under dark and ambient conditions for 14 days
before carrying out DGA.
Figure 4.2 presents normalized concentrations of hydrogen, methane and
carbon monoxide for the samples with air bubbles, analyzed after 14 days.
Figure 4.2: Influence of air bubbles on the concentration of stored oil samples
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These gas components are among the least soluble in oil thus their concen-
trations presented the largest deviations due to the effect of air trapped in
the sample. In general, the gas-in-oil concentrations tend to decrease as the
volume of the air bubbles increases. In the case of air bubble larger than 8
% of the oil volume, the concentration of hydrogen reduces approximately
by 35 %. The deviations become already significant when volume of an air
bubble exceeds 2 % of the oil sample volume.
Table 4.2 shows the deviations in the concentrations of selected gases for the
oil sample with air bubble of 1 ml volume. It can be observed that a 1 ml air
bubble which occupies 2 % of the oil volume, causes significant reduction in
the gas-in-oil concentrations in the oil sample. The concentrations of critical
fault gases such as ethylene, acetylene and hydrogen showed the largest de-
viations.
Table 4.2: Effect of 1 ml air bubble on gas concentrations in oil stored for 14 days
Gas Concentration of gas-in-oil [ppm] Deviations [ %]
0 days 14 days
CO2 1022 940 8.7
C2H4 4152 2850 45.7
C2H2 693 605 14.5
C2H6 455 398 5.3
CH4 1701 1625 4.7
CO 106 94 12.8
H2 1187 904 31.3
Type of sampling container
In order to investigate the effect of the type of container, following two types
of containers were tested:
 Air-tight glass syringes of 100 ml size
 Aluminum bottle of approximately 1 liter size
The gas-in-oil concentrations of oil samples stored in these containers for
a day at ambient conditions were analyzed using vacuum degassing (VE)
and gas chromatograph system (Energy Support GmbH). Table 4.3 shows
the obtained results. The obtained maximum deviation of 10 % for carbon
monoxide is not critical for fault diagnostics. The deviations for the critical
gases are relatively small and considered to be within a tolerable range.
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Table 4.3: Gas-in-oil concentrations of samples stored in gas syringes and aluminum
bottles
Gas Concentration of gas-in-oil [ppm] Deviations [ %]
Glass syringe Aluminum bottle
C2H4 21.6 20.1 7.4
C2H2 80.2 78.7 1.2
C2H6 6.1 5.8 5.2
CH4 15.9 15.4 3.2
CO 16.5 15.0 10.0
H2 89.0 83.6 6.5
4.1.3 Storage conditions
The conditions of storage of oil samples, such as daylight, temperature, dura-
tion etc. play crucial role regarding the change in the gas-in-oil concentration
during storage. During these investigations the influence of these factors was
studied.
Daylight/darkness
The effect daylight or darkness on the oil samples was investigated under
following considerations:
 Number of test samples: three
 Test period: 8 days
 Storage under daylight: samples exposed to normal daylight at normal
ambient conditions
 Storage under darkness: samples stored inside a box at normal ambient
conditions
 Oil aging: achieved through storage of oil at 90 C for 4 days
 Reference oil samples: aged oil stored in dark without the influence of
air bubbles.
Figure 4.3 and table 4.4 shows the concentrations of hydrogen and carbon
dioxide for the oil samples stored under light and darkness. The sample of
new oil stored in dark indicates a decrease in the concentration of carbon
dioxide by approximately 12 %. This change can be caused by a chemical
quilibrium among certain carbonic acids in the oil composition. However,
the concentration of hydrogen does not show any change.
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Figure 4.3: Effect of light on the concentrations of hydrogen and carbon dioxide
Table 4.4: Concentrations of hydrogen and carbon dioxide stored under light and
dark
Gas-in-oil concentration [ppm]
Oil New oil Aged oil
Condition H2 CO2 H2 CO2
Reference 5 514 72 544
Light 5 504 90 547
Darkness 5 453 78 543
In the case of aged oil samples stored in light, there was a clear increase in
the concentration of hydrogen by approximately 18 %. This increase can be
attributed to photochemical reactions that involves decomposition of aging
compounds in oil, such as water and acids. For the aged samples stored in
dark, the concentration of hydrogen increased by 8 %, possibly as a conse-
quence of ongoing aging and chemical reactions.
Temperature
Oil samples can undergo changes of temperature during transportation, stor-
age or analysis itself. Experiments were carried out with samples of aged oil
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stored at 7 C, 18 C (room temperature) and 60 C for 7 days. The samples
were stored at normal ambient conditions in darkness.
Figure 4.4 represents the gas-in-oil concentrations for hydrogen, ethylene,
ethane and methane, measured after the 7 days storage duration. Results
presented in the plot indicate that when the samples were stored at the tem-
perature lower than room temperature (18 C), the gas concentrations were
not affected significantly. The results obtained from the samples stored at
the temperature higher than the room temperature clearly suggest that there
was a significant increase in the concentrations of hydrogen and ethane. In
this particular case the increments were 12.5 % and 45 % for hydrogen and
ethane, respectively. However it may vary with actual storage temperature.
Figure 4.4: Gas-in-oil concentrations of samples stored at 7 C, 18 C and 60 C for 7
days
Storage duration
In order to study the influence of storage duration on the gas-in-oil concen-
trations, oil samples of an aged oil were stored in dark at ambient conditions
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for 16 days and monitored during the storage duration. The experiments
were carried out under following conditions:
 Number of test samples: three
 Test period: 16 days
 Storage at normal ambient conditions in darkness
 Oil aging: achieved through electric faults applied to the oil.
Figure 4.5 shows the deviations in the concentrations of the hydrocarbon
gases. It was found out that for adequately stored samples the gas-in-oil
concentrations may deviate up to maximum 5 % after 16 days of storage.
However, the measured deviations are within the error tolerence limit.
Figure 4.5: Concentrations of gases in oil samples stored adequately for up to 16
days
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4.1.4 Stray gassing behavior
Certain types of oils when stored at temperatures above 60 C can lead to fast
generation rate of hydrogen, methane, ethane, carbon monoxide and carbon
dioxide. This abnormal gassing behavior is known as stray gassing and it
requires to be identified in order to avoid erroneous interpretation of gas-in-
oil analysis. Usually non-inhibited types of oils tend to present stray gassing
behavior, as for example the Nynas Nytro 10 GBN.
The tests were carried out according to the GIGRE guidelines for stray gassing
oils [Griffin et al., 2005]. The methodology of CIGRE recommends prepara-
tion of samples of new (air saturated) oil with and without a copper strip
which represents the copper windings inside a transformer. These samples
were then placed in an oven at 90 C for 12 days duration, during which the
gas concentrations in the samples were continuously monitored.
Results obtained for the oil Nynas Nytro 10GBN are ploted in figures 4.6,
4.7 and 4.8. Rapid increase in the concentrations of hydrogen, methane and
ethane in the sample with copper strip can be observed in the plots. These
high gas generation rates correspond to stray gassing effect of the trans-
former oil. The plot in figure 4.6 is characterized by a quick increase of hy-
drogen concentration before reaching a plateau fromwhich the concentration
does not change further, which is the typical tendency of the oils with stray
gassing behavior.
Figure 4.6: Stray gassing behavior of hydrogen in oil with and without copper
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Figure 4.7: Stray gassing behavior of hydrocarbon gases in oil with copper
Figure 4.8: Stray gassing behavior of hydrocarbon gases in oil without copper
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4.2 Experimental Investigations of Fault Gas
Generation and Diffusion
These investigations were aimed at simulating the process of fault-gases gen-
eration due to electrical and thermal faults and to study the behaviour of the
gases dissolved in oil using various experimental setups described in chap-
ter 3. Typical faults, such as partial discharge, arcing discharge, and hotpot
were applied on transformer oil with the purpose to produce gassing pat-
terns. The concentrations of generated fault gases were measured using the
DGA equipments mentioned in section 3.3.
The data obtained from the experiments was used to derive correlation be-
tween fault energy and concentrations of fault gases. Furthermore, in order
to estimate diffusion rates of critical fault gases, diffusive behavior of the
generated fault gases was also analyzed. The experiments and the following
analysis of results include consideration of the know-how of measurement
accuracy of the equipments and oil sampling etc., acquired during the exper-
iments described in section 4.1.
4.2.1 Application of partial discharge (PD)
Experimental Setup
Experimental outline for the conduction of partial discharges:
 Small scale setup along with its partial discharge system (see sections
3.1.1 and 3.1.2)
 Transformer oil Shell Diala DX (12 liters); new, air saturated and at nor-
mal ambient conditions (see table 3.2)
 DGA online monitoring system (see section 3.3.2)
 PD monitoring system MTRONIXPD (see section 3.3.6)
 Oil treatment by VOT-3 system (see section 3.3.5)
 Experiments were carried out at normal ambient conditions
For the adequate application of partial discharges, the following factors re-
quired to be predefined and verified before the experiments:
1. Experimental setup was verified as PD-free after discarding possible
partial discharges outside of the electrode.
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2. The PD measurement system was calibrated for reliable monitoring of
PD parameters
3. Oil reconditioning and adequate cleanliness of the setup were verified
to avoid PD in particles.
4. The oil was kept in quiescent condition for 12 hours after filling up the
test tank. In this way, it was reduced the possibility of PD created in air
bubbles.
5. The sampling point for gas-in-oil analysis was located near the elec-
trode, see figure 4.9.
Figure 4.9: Test tank (12 liter) with the electrode setup for producing partial dis-
charges
The table 4.5 shows gas-in-oil concentrations of fault gases measured after
reconditioning of the transformer oil Shell Diala DX aided by treatment using
the VOT-3 system followed by air saturation with normal atmospheric air
bubbled for several hours in the oil barrel.
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Table 4.5: Gas-in-oil concentration of oil after reconditioning and air saturation
H2 CH4 C2H6 C2H2 C2H4 CO N2 O2
Gas-in-oil [ppm] 5.7 1.5 8.3 7.6 5.2 9.3 56320 35330
Methodology
The PD voltage was increased in steps of 2 kV at 10 minutes interval to a
voltage level at which the first discharge pulses were observed. Based on the
complex stochastic properties of PD, it is known that achievement of a stable
PD events with differentiated patterns requires to conduct numerous repeti-
tions of the experiments. Over a entire period of discharge application, con-
tinuous monitoring and recording of main parameters of the PD was carried
out by means of phase resolved partial discharge diagrams (PRPD) provided
by the system MTRONIXPD.
Further, the voltage was increased until a maximum level where the PD
pulses became more continuous and evenly distributed along the sinusoidal
phase voltage. Generally, the frequency of PD pulses varies randomly in suc-
cessive cycles, characterized by certain increasing or decreasing frequency
with respect to time and applied voltage.
Results
After conduction of numerous experiments, two different patterns of PD
(PD-1 and PD-2) were obtained in long test periods at different intensity and
distribution of pulses. These patterns were identified by means of analysis
of phase-resolved partial discharge (PRPD) diagrams acquired during online
monitoring of the discharge patterns.
Figure 4.10 and figure 4.11 present some examples of PRPD diagrams ob-
tained for each PD pattern. Both of the PD patterns exhibit a mean apparent
charge (QIEC) of approximately 1000 pC that remained almost constant dur-
ing the test period.
The pulses and discharges within a PD event exhibit stochastic character that
make them differ among themselves at instant values of voltage. Thus, the
estimation of total energy involved in a partial discharge event requires a sta-
tistical assessment of the total number of discharges, including their individ-
ual pulse apparent charge and instantaneous voltage during an AC voltage
period [Florkowska et al., 1999].
However, due to technical limitations the statistical assessment of the huge
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Figure 4.10: PRPD for PD experiment with applied voltage of 11 kV (PD-1)
Figure 4.11: PRPD for PD experiment with applied voltage of 19 kV (PD-2)
amount of data generated during a PD event was not possible to achieve.
Nonetheless, the total energy of partial discharge could have provided use-
ful information for DGA.
The figure 4.12 present the concentration-time profile of fault gases generated
during the application of the PD-1. The generation of gas-in-oil was moni-
tored using online DGA system by taking the samples at 1 hour interval from
the neighbourhood of the electrode.
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Figure 4.12: Concentration of fault gases for PD-1
The PD-1 was carried out for approximately 58 hours before stopping it man-
ually. The PD pulseswere generated in a homogeneous distribution scattered
in a broad manner along the phase voltage curve at a constant applied volt-
age of approximately 11 kV. Most of the discharge pulses occurred without
production of sparks or gas bubbles in a continuous way throughout the test
period. This PD-pattern presented relative lower energy content and the gen-
eration of fault gases occurred at slow rate which allowed high dissolution of
gases in oil. The highest concentration was obtained for hydrogen at about
172 ppm. Other fault gases reached maximum concentrations below 10 ppm.
The PD-2 (figure 4.13) was conducted for approximately 115 hours at approx-
imately 19 kV of applied voltage until it was terminated by a spontaneously
occurred arcing discharge. This PD pattern was characterized by the discon-
tinuity of discharge pulses scattered in narrow shape along the phase voltage
curve. Most of the discharge pulses presented higher energy content in com-
pared to the first pattern. The PD pulses occurred erratically accompanied
by powerful sparks and abundant formation of gas bubbles throughout the
test period. During the PD-2 the highest measured concentration was of hy-
drogen, about 905 ppm. It was followed by a high concentration of acetylene
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in the range of approximately 304 ppm, along with methane and ethylene
above 150 ppm. Additionally, perforations on the pressboard surface were
observed as a result of the intensity of discharges.
Figure 4.13: Concentration of fault gases for PD-2
Table 4.6 summarizes the most important parameters of the two PD patterns
which are differed in their intensities. These two patterns correspond to PD
experiments that presented the best stability during the test periods.
Verification of the course of these PD faults was carried out by means of a gas
generation pattern method, which analyses the patterns obtained by plotting
normalized gas-in-oil concentrations of H2, CH4, C2H6, C2H4 and C2H2 in oil
[Okubo, et al., 1999 and Tsukioka et al., 1978]. In this method the gas concen-
trations are first normalized by dividing each of them by the concentration of
the dominant gas (with maximum concentration) among the selected gases.
Thus, the dominant gas is always represented by normalized concentration
of 1.0 [-]. Then these normalized concentrations are plotted in the sequence:
H2; CH4; C2H6; C2H4 and C2H2, as shown in Figure 4.14.
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Table 4.6:Main parameters obtained for different PD patterns
Parameters or PD-1 PD -2
characteristics
Mean applied 11 19
voltage, UPD [kV]
Mean apparent 1000 1000
charge, QIEC [pC]
Discharge time, [h] 58 115
Characteristics of Concentrated, high Scattered, low
PD pulses frequency of pulses frequency of pulses
Collateral effects Not observed Sparks, gas bubbles,
during PD arcing discharge
Pressboard Intact Cracks and holes
condition after PD
Gas generation rate Low High
Dominant Gases H2 (172 ppm) H2 (905 ppm)
CH4 (9.6 ppm) C2H2 (304 ppm)
Figure 4.14: Gas concentration patterns obtained for the partial discharge experi-
ments PD-1 and PD-2
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Consequently, the pattern displayed for PD-1 indicates the typical distribu-
tion of gas-in-oil concentrations corresponding to a partial discharge fault
(see figure 2.14), whereas the pattern for PD-2 shows a characteristic gas-in-
oil concentrations for a discharge fault. The comparison of the gas patterns
for PD-1 and PD-2 implies that these faults occurred with different levels of
energy, the partial discharge fault dissipated lower energy than the discharge
fault. However, due to technical limitations of the setup, it was not possible
to determine the energy dissipated during these electric faults.
The fault diagnostic was also carried out by applying the CIGRE fault inter-
pretation scheme (see table 2.8). The CIGRE scheme provides the interpre-
tations of the fault in transformer oil based on the gas-in-oil concentrations.
With already known character of the fault, the diagnostic was aimed at cross-
checking the fault interpretations provided in the CIGRE scheme.
The table 4.7 shows the comparison of the key ratios and threshold values
obtained for the PD experiments with those provided in the CIGRE scheme.
Table 4.7: Fault diagnostic by applying the CIGRE fault interpretation scheme (par-
tial discharge)
Key gas CIGRE scheme PD Experiments
Part I: Key gas ratios
Key gas Ratio Fault Ratio Ratio
Key gas [-] type PD-1 [-] PD-2 [-]
(C2H2=C2H6) > 1 AD 1.35 4.49
(H2=CH4) > 10 PD 19.32 4.9
(C2H4=C2H6) > 1 OH 0.76 2.39
Part II: Thresholds [ppm]
Key gas Threshold Fault Threshold Threshold
Key gas [ppm] type PD-1 [ppm] PD-2 [ppm]
C2H2 > 20 AD 4 314
H2 > 100 PD 172 905P
CxHy > 1000 OH 190 1515P
COx > 10000 CD 470 446
A D: arcing discharge, PD: partial discharge, OH: oil overheating,
C D: cellulose degradation
Interpretation of the key gas ratios and thresholds for PD-1 experiment ac-
cording to the CIGRE scheme suggests that PD-1 occurred as a partial dis-
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charge event without oil overheating and damage to cellulose, which is al-
ready known from the discharge pattern monitored during the experiment.
Thus, the CIGRE scheme correctly interpret the type of fault in the case of
PD-1.
The interpretation for PD-2 indicates that, according the CIGRE scheme this
fault occurred as a high intensity partial discharge. However, in reality the
PD-2 occurred as a low intensity partial discharge followed by arcing dis-
charge which resulted in oil overheating. Thus, in the case of PD-2 CIGRE
scheme fails to interpret the fault correctly.
4.2.2 Application of hotspot (HS)
Experimental Setup
The purpose of these experiments was to generate the characteristic fault gas
patterns and concentrations pertaining to local overheating due to thermal
fault. The hotspot experiments were carried out under following considera-
tions:
 Small scale setup for hot spots (see section 3.1.1)
 Hot spot materials: graphite pencil lead (2B)
 Transformer oil Nynas Nytro Lyra (12 liters); air saturated and at nor-
mal ambient conditions (see table 3.2)
 DGA online monitoring system (see section 3.3.2)
 Oil treatment by VOT-3 system (see section 3.3.5)
 DC power supply system
 Experiments were carried out at normal laboratory conditions
Before the tests, the oil was reconditioned. The table 4.8 presents the gas-in-
oil condition of transformer oil Nynas Nytro Lyra after reconditioning and
air saturation. The figure 4.15 presents an image of the test setup during the
conduction of a hotspot fault using graphite conductor.
Table 4.8: Gas-in-oil concentration of oil after reconditioning and air saturation
H2 CH4 C2H6 C2H2 C2H4 CO N2 O2
Gas-in-oil [ppm] 5.2 0.8 12.2 10.5 4.5 9.3 57597 24407
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Figure 4.15: Test setup for application of hotspot in oil
Methodology
The hotspots were produced by powering a semi-conductor material at vary-
ing voltages in order to heat it up at specific temperatures, simulating a lo-
calized overheated surface inside a transformer. For this purpose a 1 cm long
piece of graphite pencil lead of grade 2B was used a semi-conductor mate-
rial. To power the hotspots a DC power supply (0 to 100 A) circuit that allow
to control the flow of current through the piece of graphite lead was used.
The temperature of the hotspots was indirectly controlled on the basis of
the current, voltage, and the resistance of the graphite lead measured using
Ohmmeter. The voltage was applied for a predefined time period of 60 sec-
onds. The resistance of this semi-conductor material at a given temperature
can be determined using the equation 4.1.
Rearranging the equation 4.1 gives equation 4.2, which can be used for calcu-
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lation the temperature from a measured resistance. The graphite lead used
in pencils has certain amount of impurities, therefore resistivity coefficient
of 3:75 5 Ohm.m (at 20 C) was adopted for the estimations. Experimental
parameters for the hotspot faults at different temperatures can be seen table
4.9.
RT =
  L
A
(1 +   (T   20)) (4.1)
T =
1

 (RT  A
  L   1) + 20 (4.2)
Where,
RT = Resistance of graphite at a specific temperature, Ohm
 = Resistivity of material at the reference temperature 20 C, (3:75 5 Ohm.m)
L = Length of material, (0.01 m)
A = Cross sectional area, (4:65 7m2)
T = Temperature, C
 = Temperature coefficient of graphite (4:84 41=C)
Table 4.9: Experimental parameters for hotspot faults
Exp. No. HS-1 HS-2 HS-3 HS-4
Hotspot temperature [C] 1000 750 500 300
Resistance [Ohm] 1.2 1.1 1.0 0.8
Applied current [A] 30 28 15 9
Total energy [kJ] 64 52 14 4
Results
The figure 4.16 displays the plots of gas-in-oil concentrations vs dissipated
energy for hotspots faults of different temperatures. In general, the gas-in-oil
concentrations increase with dissipated energy, however the plots demon-
strate not-linear relationship. The plots also show that at high energy levels
for the temperature above 1000 C ethelyne concentrations in the oil increase
abruptly. However, hydrogen, acetylene and ethane exhibit only minor or no
changes.
The hotspot faults were analyzed using the gas generation pattern method
(see figure 2.14). The normalization of gas-in-oil concentrations for a hotpot
of temperature 500 C or above was based on the concentration of ethylene,
while for the hotspot of lower temperature it was based the concentration of
acetylene. The figure 4.17 present a comparison of maximum gas-in-oil con-
74
4.2 Experimental Investigations of Fault Gas Generation and Diffusion
Figure 4.16: Gas-in-oil concentrations vs dissipated energy for hotspots faults
Figure 4.17:Maximum gas-in-oil concentrations measured after the hotspots
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centrations measured after producing a hotspots of specific temperature. For
hotspots of temperature 500 C and above concentration of ethylene was the
dominant gas, followed by concentrations of methane and hydrogen. Whilst,
for the hotspots of 300 C acetylene was the dominant followed by ethylene.
Figures 4.18 and 4.19 show the patterns of gas-in-oil concentrations obtained
for the hotspots faults. It can be observed that the gas-in-oil concentrations
for the hotspots of temperature 500 C and above exhibit a very similar pat-
terns, which can identified as a typical pattern for a thermal fault. However
the hotspot at 300 C exhibits a pattern of a fault-free condition of oil or, that
of a slow developing thermal fault due to unusual generation of acetylene.
Figure 4.18: Gas concentration patterns obtained for hotspots of different tempera-
tures
The fault diagnostic for hotspots was carried out by applying the CIGRE
fault interpretation scheme, in order to verify the fault interpretations pro-
vided in the CIGRE scheme. The table 4.10 shows the comparison of the key
ratios and threshold values obtained for the hotspot experiments with those
(thermal faults) provided in the CIGRE scheme. Based on the both criterion
of the CIGRE scheme (ratios and threshold) the hotspot fault of temperature
300 C (HS-4), 500 C (HS-3) and 1000 C (HS-1) can be interpreted as arc-
ing discharge fault, while hotspot fault of temperature 1000 C can also be
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Figure 4.19: Gas concentration patterns obtained for hotspots of different tempera-
tures
Table 4.10: Fault diagnostic by applying the CIGRE fault interpretation scheme
(hotspot)
Key gas CIGRE scheme Hotspots
Part I: Key gas ratios
Key gas Ratio Fault Ratio [-]
[-] type HS-1 HS-2 HS-3 HS-4
(C2H2=C2H6) > 1 AD 3.9 0.3 3.4 11
(H2=CH4) > 10 PD 0.3 0.3 0.8 0.8
(C2H4=C2H6) > 1 OH 22.6 5.1 7.71 3.5
Part II: Thresholds [ppm]
Key gas Threshold Fault Threshold [ppm]
[ppm] type HS-1 HS-2 HS-3 HS-4
C2H2 > 20 AD 25 25 125 110
H2 > 100 PD 189 100 177 15P
CxHy > 1000 OH 173 595 823 2066P
COx > 10000 CD 897 645 560 475
A D: arcing discharge, PD: partial discharge, OH: oil overheating,
C D: cellulose degradation
confused as oil overheating. The hotspot fault of temperature 750 C (HS-2)
cannot be interpreted from the CIGRE scheme due to lack of sufficient crite-
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ria. Thus, it can be suggested that the CIGRE scheme provides ambiguous
interpretations of the hotspot faults.
4.2.3 Application of arcing discharge (AD)
Experimental Setup
This type of fault involves high amount of energy and it can result in se-
vere failures of transformers. The simulation of arcing discharges under con-
trolled parameters (voltage, current and duration time) was carried out in
order to analyze gas-in-oil generation and gas behavior in oil induced due to
arcing discharge fault. Very repetitive experiments were carried out under
defined parameters in order to generate the faults of different intensities. In
all cases the initial conditions of oil were maintained constant by means of
oil reconditioning.
The results of these experiment were further used to investigate the process
of diffusion of gases through oil before escaping to atmosphere via conserva-
tor tank.
The arcing discharge experiments were carried out using following equip-
ments:
 Large scale setup system (see section 3.2)
 Oil treatment by VOT-3 system (see section 3.3.5)
 Transformer oil Nynas Nytro Lyra, new air saturated oil at normal am-
bient conditions (see table 3.2)
 DGA online monitoring system (see section 3.3.2)
 Current probe and oscilloscope
Methodology
All experiments were carried out with oil at normal ambient conditions. Pre-
vious to every experiment, the oil volume (approximately 600 litters) was re-
conditioned by means of several recirculation cycles between the main tank
and VOT-3 system (see figure 3.4). Afterwards, the air saturation of oil was
achieved by flow circulation between the main tank and conservator tank for
approximately 12 hours. The table 4.11 displays concentrations of gases after
oil reconditioning and air saturation.
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Table 4.11: Gas-in-oil concentration after oil reconditioning and air saturation
H2 CH4 C2H6 C2H2 C2H4 CO N2 O2
Gas-in-oil [ppm] 5.0 1.0 12.0 10.0 5.0 9.3 57597 24407
Preliminary tests were conducted in order to define experimental conditions
and parameters of the arcing discharge. Hence, the arcing discharge was
achieved at approximately 380 V (primary voltage, U1) and 95 kV (secondary
voltage, U2) for 30 seconds by means of an electrode needle-plate with a dis-
tance of 1 cm.
The transmission ratio of high voltage transformers(RHV) utilized in these
experiments was approximately 380V:100000V, which was used for calcula-
tions of the current of the arcing discharge (or secondary current). The pri-
mary current was measured with aid of an oscilloscope.
The energy delivered by the arcing discharge can be estimated using equa-
tion 4.3.
EAD = Us  Is  t (4.3)
Where,
EAD = total energy dissipated by the arcing discharge [kJ]
Us = secondary voltage [kV]
Is = secondary current [mA]
t = time period of fault application [s]
Immediately after conducting the arcing discharge faults in the oil tank, gas-
in-oil concentrations were analyzed automatically at 1 hour interval at differ-
ent sampling points (40, 90 and 160 cm) along the main tank (see figure 3.4).
During the generation phase, the main tank was kept disconnected from the
conservator tank, which remained closed until the gas-in-oil concentrations
reached their maximum saturation in oil.
Results
The total energy dissipated during the three arcing discharge faults are pre-
sented in Table 4.12. Figure 4.20 shows the maximum concentrations of the
selected gases measured during these experiments. It can be seen that hy-
drogen and acetylene are the dominant gases in all the cases. In the case
of AD-3 the concentrations are slightly higher than that for the other cases,
which can be associated with the higher amount energy dissipated during
the experiment AD-3.
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Table 4.12: Total energy dissipated during simulated arcing discharge (AD) faults
High voltage parameters AD-1 AD-2 AD-3
Secondary current [mA] 156 160 164
Total energy [kJ] 456 456 467
Figure 4.20:Maximum gas-in-oil concentrations generated during arcing discharge
faults
The gas-in-oil concentrations obtained for the arcing discharge faults were
also analyzed using the gas generation pattern method. In all the three arc-
ing discharge experiments the gas concentrations were normalized on basis
of concentrations of hydrogen. The figure 4.21 displays the graphical pat-
terns of gas-in-oil concentrations. It can be observed that the resulting pat-
terns for the arcing discharge experiments are very similar. Thus, it can be
suggested that the arcing discharge faults can be represented by this typical
pattern of the gas-in-oil concentrations.
The comparison of the CIGRE interpretation scheme (table 4.13) with the gas-
in-oil concentrations obtained for the arcing discharge experiments shows
that the key gas ratios and thresholds for all the three arcing discharge ex-
periments indeed fit with the CIGRE criterion. From the CIGRE scheme the
three faults can be interpreted as arcing discharge followed by overheating
of the oil.
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Figure 4.21: Gas concentration patterns obtained for the arcing discharge faults
Table 4.13: Fault diagnostic by applying the CIGRE fault interpretation scheme (arc-
ing discharge)
Key gas CIGRE scheme Arcing discharge
Part I: Key gas ratios
Key gas Ratio Fault Ratio [-]
[-] type AD-1 AD-2 AD-3
(C2H2=C2H6) > 1 AD 79.0 89.2 87.1
(H2=CH4) > 10 PD 7.3 7.0 6.4
(C2H4=C2H6) > 1 OH 13.8 13.8 18.1
Part II: Thresholds [ppm]
Key gas Thrsh. [ppm] Fault type Threshold [ppm]
[ppm] type AD-1 AD-2 AD-3
C2H2 > 20 AD 395 446 455
H2 > 100 PD 475 490 515P
CxHy > 1000 OH 1003 1081 1140P
COx > 10000 CD 150 148 156
A D: arcing discharge, PD: partial discharge, OH: oil overheating,
C D: cellulose degradation
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Hence, the CIGRE scheme indicates that these faults occurred certainly as
arcing discharge of high energy which produced oil overheating. Though
partial discharge could be also included in this fault interpretation it is dis-
carded due to indication the key gas ratio.
4.2.4 Diffusion of fault gases from oil to atmosphere
The mass transfer of gases from oil to atmosphere often affects the results of
DGA analysis. The mass transfer occurs in the open-breathing conservator
tank due to diffusion of gases from oil into the surrounding air. Therefore,
the diffusive (from oil to air) behavior of gases generated in oil during arc-
ing discharge faults was investigated in order to determine the rate of mass
transfer of fault gases from the oil balance to the atmosphere.
Based on measurements of gas-in-oil concentrations taken at three different
locations (depth) inside the oil tank, it was possible to establish the gas con-
centration profile during the gas generation as well as the gas diffusion. The
identical values of gas-in-oil concentrations at all locations implies that the
gas concentrations are uniform within the oil balance. These uniform gas-in-
oil concentrations were typically followed by a progressive decrease in the
concentrations due to diffusion of gases from oil to the atmosphere through
the oil-air interface inside the ’open-breathing’ conservator tank.
Methodology
In order study the diffusion of the gases from oil to atmosphere four differ-
ent arcing discharge experiments were conducted under identical conditions
as those of the three arcing discharge experiments mentioned in the previous
section 4.2.3. However, these experiments differ with respect to the rate of oil
circulation (mixing) inside the oil tank during the generation and diffusion of
fault gases. Table 4.14 presents the experiment number with its correspond-
ing oil pump rate.
Table 4.14: Oil pump rate for arcing discharge experiments
Arcing discharge Experiment No. AD-4 AD-5 AD-6 AD-7
Rate of oil circulation [l/min] 3.0 1.5 1.0 0
Right after applying the arcing discharge in the oil tank, gas-in-oil concentra-
tions were monitored by DGA online system at 1 hour intervals. The sam-
pling points were located along a vertical distance at 40 cm, 60 cm and 160
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cm measured from the tank cover (figure 3.4). The continuous monitoring
of gas-in-oil concentrations at the specific locations provided concentration-
time profiles which allowed to identify gas generation phase and diffusion
phase.
During the phase of gas generation the main tank remained closed and dis-
connected from the conservator tank. This condition was maintained until
the gas concentrations reached their maximum saturation levels in oil and
quasi-homogeneous concentration in the whole oil volume. In the second
phase the main tank was connected to the conservator. In this phase a pro-
gressive decrease of gas-in-oil concentrations occurs as a result of diffusion
of gases from the oil balance to the atmosphere.
Results
Figure 4.22 shows the concentration-time profile for hydrogen generated in
the oil balance at different depths for experiment AD-7 (no oil circulation).
The plot demonstrate that during the entire generation phase the hydrogen
concentration is non-homogeneous within the oil balance. The concentration
Figure 4.22: Gas-in-oil concentration profile at different locations in the oil balance
(with zero oil circulation)
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tends to be homogeneous just after the peak concentration of approximately
250 ppm (at 150 hours) is surpassed. However, in the diffusion phase the
concentration tends to be non-homogeneous again which can be attributed
to a non-uniform diffusion process within the oil. The other gases generated
during the fault also exhibited similar tendencies.
Figure 4.23 shows the concentration-time plot for hydrogen generated in
the oil balance at different depths for experiment AD-4 (circulation rate of
3 l/min). It can be seen that because of the oil circulation, the gas concentra-
tions in the whole oil balance became homogeneous right at the beginning
of the generation phase. The maximum concentration of hydrogen (approx-
imately 850 ppm) was reached at 24 hours. Further, the concentration de-
creases almost linearly due to the diffusion of hydrogen from oil to air.
Figure 4.23: Gas-in-oil concentration profile at different locations in the oil balance
with oil pump circulation 3 l/min
The diffusion or mass transfer rate of gases diffusing from the oil balance to
atmosphere can be associated with the mass transfer coefficient (KOL). The
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mass transfer coefficient represents a transfer rate of a gas concentration dif-
fusing from a liquid surface exposed to the atmosphere, as it occurs in the
conservator tank.
The mass balance of a fault gas-in-oil diffusing into the atmosphere can be
expressed as equation 4.4 [Guo et al., 2002].
dWL
dt
=  A KOL 

CL   CG
H

(4.4)
Where,
dWL
dt = Mass gradient of fault gas [g=h]
A = surface area of diffusion in the conservator tank [m2]
KOL = overall mass transfer coefficient in the liquid phase [m=h]
CL = concentration of fault gas in the oil [g=m3]
CG = concentration of fault gas in the air [g=m3]
H = Henry’s constant [g=m3]
The overall mass transfer coefficient of gases dissolved in oil (KOL) was de-
termined bymeans of non-linear regression fitting of time-concentration data
obtained in each experiment of gas generation. This statistical method al-
lowed tomodel the experimental data by a nonlinear diffusion function based
on a combination of different independent variables. The procedure was ap-
plied to obtain the mass transfer coefficient of critical fault gases such as hy-
drogen, acetylene, and methane, which are produced at the highest concen-
trations.
In order to plot the time-concentration curve for the diffusion phase, themax-
imum concentrations (saturation concentration) were assumed to be the ini-
tial concentrations at start of the diffusion phase. The concentration of the
fault gases in the air was assumed to be zero due to their infinite dilution.
The fitting curve (MTca) obtained for the diffusion phase of hydrogen at an
oil pump rate of 3 l/min is presented in figure 4.24. The results for the overall
mass transfer coefficients (KOL(i)) of the key fault gases i, are summarized in
table 4.15.
The diffusive flux of these gases was determined according to the gradient
flux law which states that the diffusive flux of a given component is a func-
tion of its concentration gradient and mass transfer rate, see equation 4.5
[Scott et. al, 2002].
FOL(i) = KOL(i)  (CL   CG) (4.5)
Where, FOL(i) = diffusive flux of the gas i [mg/(h m2)]
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Figure 4.24: Estimation of mass transfer coefficient (KOL) for hydrogen (oil pump
rate: 3 l/min)
Table 4.15: Overall mass transfer coefficients (KOL(i), [m=s]) of fault gases
oil pump rate [l/min]
3.0 1.5 1.0 0
H2 2.4 x 10 2 2.1 x 10 2 1.9 x 10 2 6.9 x 10 3
C2H2 2.3 x 10 3 3.1 x 10 3 1.3 x 10 3 4.2 x 10 4
CH4 2.1 x 10 2 3.2 x 10 2 1.8 x 10 2 1.9 x 10 3
The diffusive flux of the investigated fault gases for different oil pump rates
is presented in figure 4.25. It can be observed that the diffusion rate of the
gases increases as the the oil pump rate is higher. Irrespective of the oil pump
rates, the diffusion flux of hydrogen is always higher than the diffusion flux
of other gases, followed by the fluxes of methane and acetylene. These ranks
of diffusive fluxes also comply with the solubility of these gases in oil at
normal ambient conditions.
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Figure 4.25: Diffusion flux of fault gases escaping the transformer oil for different oil
pump rates
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5 Summary and Outlook
5.1 Summary
Efficient and safe functioning of a transformer requires effective and timely
assessment of its condition. A very dangerous condition of the transformer
arise from the fault gas generation as a result of incipient faults and aging
of the insulation materials. Application of the dissolved gas analysis (DGA)
method has been widely recognized as a useful technique to assess fault con-
ditions of a transformer. The transformer oil is a vital information carrier
that provides insight into any malfunctioning of a transformer and it allows
to apply timely any the most suitable corrective measurement. However, an
effective gas-in-oil analysis is essential and its effectiveness is subjected to
the adequate conduction of the DGA method.
Since about four decades, the DGAmethod has being gaining great attention
as one of the most efficient and convenient methods for fault diagnostic in
transformers. Thus, power agencies has joined forces with the oil diagnos-
tic field in order to develop advanced measurement techniques for gas-in-oil
analysis, as well as to improve statistical interpretation schemes used for the
fault diagnostic.
The main objective of this research project was to evaluate the factors affect-
ing the results of DGA method including the commercially available gas-
in-oil measurement techniques. Additionally, this work focused on investi-
gating the generation of fault gases by subjecting transformer oil to typical
electrical and thermal faults as they occurred in transformers and verifying
those faults by means of the DGA method. The knowledge acquired from
these experimental investigations is deemed to contribute at a reliable fault
interpretation and diagnostic according to the DGA method.
An extensive part of this research work was focused on designing and con-
structing experimental setups to conduct simulations of thermal and electri-
cal faults as they occur in power transformers. The construction of a small
scale setup (30 kV and 12 liter oil tank) and a large scale setup (100 kV and
600 liter oil tank) including oil tanks, oil circulation system, high voltage sys-
tem, and control panel was accomplished with necessary details.
88
5.1 Summary
The small scale setup, consisting of a 12 liter test vessel and a high voltage
supply system of 30 kV, was used to simulate partial discharges fault and
hotspots of different temperatures. Experiments carried out in the small test
setup were aimed at gaining insight about the fault gas generation process
occurring in transformer oil when the oil is subjected to electrical or ther-
mal stresses of different intensities. Moreover, this setup was also useful at
evaluating the generation of gas-in-oil and measurement efficiency of vari-
ous commercially available DGA techniques.
The design of the large scale experimental setup provided an enhancedmodel
of an air-breathing power transformer and its oil circulation system. This
large scale setup allowed investigations by subjecting a larger volume of oil
(600 liter) to electrical stresses such as arcing discharges of high intensity. The
oil circulation system controlled by an automated system allowed to con-
duct mixing or regeneration of the whole oil volume, resembling the slow
flow rate of oil in a power transformer for cooling purpose. This setup was
used to investigate the fault gas generation in oil due to high intensity arcing
discharge faults. The diffusion flux of gases from oil to atmosphere via con-
servator tank of a transformer was also investigated by means of this setup.
Factors affecting the dissolved gas analysis (DGA)
Gas extraction techniques: Most of the gas-in-oil monitoring techniques can-
not measured dissolved gases before extracting them from the oil, which is
a very critical step of the DGA method. The dissolved gases need to be first
efficiently extracted from the oil sample before feeding them to a gas ana-
lyzer, such as a gas chromatograph. Consequently, the efficiency of the ex-
traction techniques has direct influence on the reliable quantification of dis-
solved gases and thus a proper fault diagnostic with the DGA method.
Four different gas extraction techniques: vacuum extraction (VE), shaking
syringe (SS), equilibrium head space (EHS) and dynamic head space (DHS)
were tested during these investigations. For that purpose, concentrations of
critical fault gases: hydrogen, acetylene, ethylene and methane in multiple
oil samples from the same oil batch were analyzed. The concentrations of
the fault gases extracted from the samples using the vacuum extraction (VE),
shaking syringe (SS), equilibrium head space (EHS) weremeasured using the
same gas chromatograph (Mobil GC, Energy Support) under similar calibra-
tion parameters, however the gases extracted by dynamic head space (DHS)
were analyzed by its integrated photo-acoustic mass spectrometer. The ef-
ficiency and the consistency of these techniques were evaluated in terms of
precision and standard deviations of the measurements.
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The analysis revealed that the measurements using gas extraction technique
VE (both online and manual modes) leads to the highest concentrations of
gases, which implies that VE technique has the highest efficiency to extract
gases, followed by EHS and DHS techniques which also lead to relatively
high gas concentrations. However, concentrations achieved by the manual
extraction method, using SS, demonstrated the lowest efficiency for gas ex-
traction. This fact is attributed to the manual generation of the vacuum ex-
traction and several man induced deviations involved in the conduction of
the gas extraction. The evaluation of relative standard deviations (RSTD) of
the measurements suggests that EHS technique has the highest consistency
(RSTD < 2:1%) of achieving gas extraction from oil sample. VE technique
also achieves sufficiently high consistency. On the other hand, SS and DHS
techniques are relatively inconsistent (RSTD > 5%) in performing gas extrac-
tion.
The DGA systems with VE technique is designed to carry out automatic
online monitoring, therefore it is very convenient for continuous measure-
ments. However, it needs frequent calibrations due to certain technical insta-
bility. The portable DGA system (Kelman Transport X) based on DHS tech-
nique and photo-acoustic spectroscopy is easy to carry and operate for on site
manual gas-in-oil measurements. The DGAwith SS technique needs manual
gas extraction using a costumized syringe and manual shaking, therefore the
consistency and the accuracy of the results is highly subjected to man in-
duced errors.
Sampling and storage of oil: Dissolved gas analysis should be carried out
according to the method proposed in the international standards guidelines
IEC 60567 [IEC 60567, 2005]. However these guidelines are sometimes ne-
glected in the practice, which often leads to exposure of oil sample to air-
trapping, light, high temperature and prolonged storage duration, conse-
quently affecting the quality of DGA results and fault diagnostics.
Air bubbles trapped in an oil sample lead to escape of gases dissolved in
the oil through diffusion of the gases into the air bubble, thus decreasing the
actual gas-in-oil concentrations. For less soluble gases the decrease in con-
centration is higher due to faster diffusion process. The experimental results
showed that the decrease in gas-in-oil concentration is significant for air bub-
bles of volume more than 2 % of the sample volume. Air bubbles occupying
approximately 8 % of the sample volume can cause decrease in concentration
by approximately 30 % for hydrogen, 15 % for methane and 35 % for carbon
monoxide. These deviations are higher enough to cause false interpretation
of a pattern of dissolved gases and subsequent fault diagnostic.
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Light exposure and temperature variations of oil samples can directly influ-
ence oxidation reactions in the oil. Exposure to sunlight can trigger photo-
chemical oxidation reactions among hydrocarbon molecules and decompo-
sition products, which create further generation of molecular hydrogen. An
exposure to daylight for 8 days at normal ambient conditions causes up to 18
% increase in the concentration of hydrogen.
The oil samples stored at 7 C, 18 C and 60 C revealed that at the tempera-
ture of 18 C or below does not cause significant changes in gas-in-oil concen-
trations, however temperature up to 60 C causes increase in the concentra-
tions by 12.5 % for hydrogen and 45 for ethane. Thus, it was demonstrated,
why an oil sample must be stored in dark and at below-room temperature.
The investigations on storage duration revealed that an adequate storage of
oil samples up to 16 days does not lead to any significant changes in gas-in-
oil concentrations.
Stray gassing behavior: Some types of transformer oils, when they are ex-
posed to copper windings in transformer at temperature above 60 C, exhibit
abrupt increase in concentrations of hydrogen and methane. This behav-
ior was demonstrated though experiments that confirmed the stray gassing
tendency of non-inhibited oils such as Nynas Nytro 10GBN. Based on this
results, it is recommended to consider a possible stray gassing behavior of
an oil during any fault interpretations by DGA.
Gas-in-oil generation due to faults
The partial discharge (PD) faults were generated in the small scale setup.
Since partial discharge is a very instable phenomenon, after carrying out nu-
merous attempts only two consistent PD events of duration 58 hours and
115 hours, at a mean apparent charge of 1000 pC were achieved. The statis-
tical assessment of total number of instantaneous discharges during the PD
events, required for estimation of total fault energy, was not possible due to
technical limitations. Nonetheless, the PD events were assessed on the basis
of phase resolved partial discharge (PRPD). The PD event of 58 hour dura-
tion occurred with high pulse frequency and mean voltage of 11 kV. The PD
event of 115 hour occurred with low pulse frequency and mean voltage of 19
kV, it was characterized by an arcing discharge fault at the end.
The PD fault of 58 hour duration led to gas-in-oil concentration of 172 ppm
for hydrogen, followed by 9.6 ppm for methane. It was observed that such
pure PD event occur at temperatures below 150 C and low current level,
thus it behaves like a low intensity fault with slow generation of fault gases.
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The PD fault of 115 hour duration produced gas-in-oil concentration of 905
ppm for hydrogen, followed by 304 ppm for acetylene. The patterns of gas
concentrations demonstrated that the gas generation process occurred dur-
ing these two faults may have been different from each other.
Furthermore, the assessment of the gas generation process using gas genera-
tion pattern method (see section 2.14) suggests that the PD event of 58 hour
duration is indeed a partial discharge fault while the PD event of 115 hour
duration may have been combined with an arcing discharge fault. Thus, it
was demonstrated that partial discharge faults can be detected and distin-
guished using gas generation patterns. On the other hand, the interpretation
of the gas-in-oil concentration using CIGRE fault interpretation scheme led
to uncertain diagnostics of the PD event of 115 hour duration.
The hotspot (HS) faults were investigated using the small test setup, the
hotspots were achieved by powering a semi-conductor material (graphite
pencil lead) at different current levels. Due to technical limitations it was
impossible to measure the actual oil temperature near a hotspot. Therefore
the temperature was estimated as a function of time, current, voltage and
resistance of the semi-conductor material. Thus, it was possible to achieve
hotspots of temperatures approximately 300 C, 750 C, 500 C and 1000 C
by controlling the current, voltage and resistance.
The energy produced due to thermal stress in oil leads to decomposition of
hydrocarbonmolecules, evolving gases such as ethylene, methane, hydrogen
and acetylene in higher concentrations. From the obtained experimental data
it was observed that the gas-in-oil concentrations produced due the thermal
faults do not increase linearly with energy dissipated by the fault.
The assessment of the thermal faults using gas generation pattern method
indicates that the hotspots of above 500 C temperature are represented by
an identical gas generation pattern, which is identified as a typical gas gener-
ation pattern for a thermal fault. This pattern is characterized by the concen-
tration of ethylene being highest among all the critical gases. On the other
hand, thermal fault at 300 Cwas characterized by the concentration of acety-
lene being highest, which is associated with slow oil overheating. The gas
generation pattern produced by this fault indicates an incipient fault evolv-
ing slowly and unnoticeable to become a threatening overheating fault.
The assessment of the hotspots of 300 C, 500 C and 1000 C using CIGRE
fault interpretation scheme lead tomisinterpretation of the fault as arcing dis-
charge faults, while the hotspot 750 C could not be interpreted due to lack
of sufficient criteria. This is caused due to limitations of the CIGRE scheme
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to distinguish the fault on the basis of its dissipated energy. However, the
gas generation patterns obtained for the hotspots show that a reliable diag-
nostic of these faults can be achieved using the typical gas generation pattern.
The arcing discharge (AD) faultwas investigated using the large scale setup.
Three discharge fault experiments were conducted by applying primary volt-
age of 380 V and secondary voltage of 95 kV to needle-plate electrodes lo-
cated in the oil tank. During the experiments large concentrations of hy-
drogen and acetylene, along with minor quantities of ethylene and methane
were generated due to breakdown of hydrocarbon molecules under high in-
tensity current and temperature of the arcing discharge fault.
The assessment of the arcing discharge faults using gas generation pattern
method showed that the three faults produce very similar gas generation
pattern. This pattern can be recognized as a typical gas generation pattern
for arcing discharge faults. The CIGRE fault interpretation scheme also pro-
vided a coherent interpretation of the faults as arcing discharge faults with
subsequent oil overheating due to high amount of dissipated energy.
Diffusion of fault gases to atmosphere
Diffusion of fault gases to atmosphere via conservator is one of the most crit-
ical factor that can cause deviations in DGA. The diffusion of the gases can
result in reduced gas-in-oil concentrations, consequently leading to false in-
terpretation of the faults.The investigations were focused on the diffusion
flux of the three critical fault gases: hydrogen, methane and acetylene. These
gases were chosen because they are usually found in largest concentrations
in oil, as well as they are distinguished by their solubility in oil. Four dif-
ferent experiments were conducted using different oil circulation rates. The
concentrations of the gases were monitored for a certain period after the con-
ductions of the faults. The mass transfer coefficients for the gases were ob-
tained from the concentration-time profiles and the corresponding diffusion
flux was estimated using the gradient flux law.
Highest diffusion flux was obtained for hydrogen, followed by methane and
then acetylene, which implies that the diffusion flux depends on the solubil-
ity of the gas. Furthermore, it was demonstrated that the diffusion flux of
gases is strongly dependent on the rate of oil circulation between the main
tank and the conservator, higher the circulation rate stronger the diffusion
flux of the gases.
The strong diffusion flux of hydrogen can result in significant reduction of
its concentrations in oil in a short time. Since hydrogen is a critical gas for
93
5 Summary and Outlook
indication of an electrical fault in a transformer, a reduction in its concentra-
tion due to diffusion flux can lead to underestimation of a severe electrical
fault. Similarly, high oil circulation rate can also lead to false DGA and fault
diagnostics. Therefore, it is strongly recommended to take in to account the
diffusion flux of the gases and the oil circulation rate the transformer while
carrying out fault diagnostic using DGA.
Following conclusion can be outlined based on results and knowledge gained
though these experimental investigations:
 The technique of gas-in-oil extraction of the DGAmethod has direct and
significant influence in the accurate assessment of gas-in-oil concentra-
tions. The gas extraction by vacuum degassing (VE) resulted to be the
most efficient technique to extract dissolved gases. In both modes, au-
tomatic online as well as manual, exhibited the highest efficiency and
precision of the quantification of gas concentrations. Special attention
should be given to manual gas extraction techniques, such as shaking
syringe (SS), which proved to have poor efficiency and consistency to
quantify dissolved gases in oil.
 The factors related to sampling and storage of oil samples, namely air-
trapping, light exposure and temperature, have significant influence on
gas-in-oil concentrations. Therefore extreme care should be taken in re-
gard with the procedures of oil sampling and storage of samples. How-
ever, samples stored under adequate conditions can guarantee reliable
measurements of gas-in-oil concentrations up to 16 days.
 Similarly, in case of some types of oils, stray-gassing behavior can be
major factor to influence DGA. Therefore stray-gassing behavior of such
oilsmust be accounted forwhile carrying out a fault diagnostic byDGA,
since increased hydrogen concentrations can be mistaken as fault gases
corresponding to a partial discharge.
 Partial discharge faults are a low intensity faults which occur at low
temperatures, however in some cases they can be accompanied by arc-
ing discharges producing large concentrations of hydrogen, methane
and acetylene. The thermal faults due to hotspots above 500 C gener-
ate ethylene, methane, hydrogen and acetylene in large amounts. The
amount of generated gases increases rapidly for temperatures above
1000 C. Arcing discharge faults involve much higher amount of en-
ergy dissipation, producing the largest concentrations of hydrogen and
acetylene.
 The fault interpretation scheme proposed by CIGRE TF 15.01.01, which
is one of the latest DGA interpretation schemes, provided uncertainty
94
5.2 Outlook
at the diagnostic of experimental faults such as partial discharge faults
and hotspots. On the other hand, it proved to be consistent at the diag-
nostics of experimental arcing discharge faults. However, based on the
overall results it may be concluded that the CIGRE scheme should be
applied cautiously and other factors must be considered for a reliable
diagnostics.
 The graphic DGA interpretation method of gas generation pattern re-
sulted to be sufficiently reliable at the diagnostics of experimental faults
partial discharge (PD), hotspot (HS) as well as arcing discharge (AD)
faults. This method exhibits strong potential to be utilized for fault di-
agnostics as a separate method or in combination with the interpreta-
tion scheme proposed by CIGRE TF 15.01.01.
 Investigation on the diffusion flux of gases escaping to atmosphere via
conservator confirmed that the diffusion has strong influence on fault
diagnostic by DGA. Reduction in the gas-in-oil concentrations due to
the diffusive flux can lead to inaccurate quantification of fault gas gen-
eration in the oil balance and consequently incorrect fault diagnostics.
Diffusion flux resulted to be the highest for hydrogen due to its rela-
tive lower solubility in the gas mix, however the diffusion flux of gases
tends to increase at higher oil circulation rates.
5.2 Outlook
Based on the experience gained during these investigations, following sug-
gestions can be pointed out for future researchwork and practical application
of DGA.
 For the further investigations related to the fault gas generation and
their evaluation by DGA, it is recommended to add other factors affect-
ing the gas generation process, such as the presence of insulation paper,
fluctuation of transformer voltage load and oil temperature.
 Studies to gain knowledge about the chemical composition of trans-
former oil can aim at better understanding the process of oil oxidation
under the effect of faults. Amore detailed characterization of the hydro-
carbon types of transformer oil can be achieved by analysis with super-
critical fluid chromatography (SFC) combined with mass spectroscopy
[Drews, 1998].
 The present fault interpretation schemes do not provide any informa-
tion regarding the intensity of the fault. Experiments should be carried
out to obtain extensive data regarding fault intensity (or fault energy)
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and gas-in-oil concentrations. This data should be used to establish cor-
relation between the fault intensity and the gas-in-oil concentrations.
This correlation can be then used in a fault interpretation scheme to en-
hance the fault diagnostic on the basis of dissipated energy.
 Slowly developing faults do not become evident by intermittent DGA
measurements, which lead to dangerous conditions without being no-
ticed. Long term and continuous DGA monitoring of oil in service
transformer could allow better understanding of slowly developing faults.
 The physical relationship between gas-in-oil concentrations and tech-
nical condition of a transformer cannot be described mathematically,
however it can be incorporated into a computermodel using fuzzy rules
based on practical experience and experimental observations. An im-
provement of the CIGRE interpretation schemewas proposed byArago´n
et. al. (2007) by implementing the fuzzy inference system (FIS). Thus
deficiencies of the CIGRE interpretation scheme were eliminated by
merging the two criteria (key ratios and thresholds) into one well in-
tegrated set of fuzzy rules, substituting the threshold by steady mem-
bership functions, and estimating the likelihood of fault. Further work
related to the FIS can be found in Fischer and Tenbohlen (2009).
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List of Symbols
E Activation energy of the reaction, in J=mol
Gm;mix Change in Gibbs free energy per mole of solution
i Chemical potential of pure liquid ’i’
 Magnetic flux through one turn of winding
Ak Reaction constant according to kinetics
A Surface area of diffusion, in m2
CC(i) Concentration gradient of the fault gas in the conservator tank
CD(i) Concentration of the gas diffused to the atmosphere, in mol=l or g=m3
Cgas Concentration of the gas in the gas phase, in mol=l or g=m3
Cliq Concentration of gas in liquid phase, in mol=l or g=m3
CA Aromatic percentage in transformer oil
cH Henry’s dimensionless constant
CN Percentage naphthenic structures n transformer oil
CP Percentage paraffinic structures in transformer oil
D Diffusion coefficient, in m2=s
EAD Total energy dissipated by the arcing discharge, in kJ
FOLi Diffusive flux of the gas i, in mg=(hm2)
FR Specific pump flow rate for oil circulation aimed at mixing of oil
H Henry’s constant, in g=m3
Ip Primary current, in mA
Is Secondary current, in mA
J Diffusion flux, in mol=m2:s
Kgas Liquid phase mass transfer coefficient, in m=h
Kliq Liquid phase mass transfer coefficient, in m=h
KOL Overall mass transfer coefficient in the liquid phase, in m=h
kH Henry’s temperature-dependent constant, in atm=mol
Np Number of turns of the primary winding
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Ns Number of turns of the secondary winding
QIEC Mean apparent charge of partial discharge
Pgas Partial pressure, in atm
Pi Vapor pressure of a component i
P i Vapor pressure in pure state
PAC Poly-aromatic components percentage in transfomer oil
R Universal gas constant
T Absolute temperature, in K
t Time period of fault application, in s
Us Secondary voltage, in kV
VC(i) Volumetric flow of the fault gas is transferred to the conservator, in l=min
Vgas Volume of the gas in the gas phase, in l
Vliq Volume of the gas in the liquid phase, in l
VT (i) Volume of a fault gas ’i’ dissolved in oil, in l
Vp Instantaneous primary voltage, in kV
Vs Instantaneous secondary voltage, in kV
xi Mole fraction of component ’i’
List of Abbreviations
AC Alternating current
DC Direct current
HV High voltage
PD Partial discharge fault
AD Arcing discharge fault
HS Hotspot fault
OH Oil overheating fault
CD Cellulose degradation fault
FR Oil flow rate
ASTM American Society for Testing and Materials
IEC International Electro-technical Commission
CIGRE Conseil international des grands re´seaux e´lectriques
(The International Council on Large Electric Systems)
TF Taks Force of CIGRE
DGA Dissolved gas analysis
VE Vacuum extraction
SS Shaking syringe
EHS Equilibrium head space
DHS Dynamic head space
RSTD Relative standard deviations
MODBUS Automation application for communication between devices and
data exchange
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PAS Photo-acoustic spectroscopy
Mobil GC Mobile gas chromatography
TCD Thermal conductivity detector
FID Flame ionization detector
NIS Natural internal standard
TGM Transformer gas monitoring
VOT Variable oil treatment
PRPD Phase resolved partial discharge
PAC Polyaromatic compunds
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